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Abstract

Sorghum and millet grains are generally rich in phytochemicals, particularly various
types of phenolics. However, the types and amounts vary greatly between and within
species. The food processing operations applied to these grains: dehulling and
decortication, malting, fermentation and thermal processing dramatically affect the
quantity of phenolics present, most generally reducing them. Thus, the levels of
phytochemicals in sorghum and millet foods and beverages are usually considerably
lower than in the grains. Notwithstanding this, there is considerable evidence that
sorghum and millet foods and beverages have important functional and health-
promoting effects, specifically antidiabetic, cardiovascular disease and cancer
prevention due to the actions of these phytochemicals. Also their lactic acid bacteria
fermented products may have probiotic effects related to their unique microflora.
However, direct proof of these health-enhancing effects is lacking as most studies have
been carried out on the grains or grain extracts and not the food and beverage products
themselves, and also most research work has been in vitro or ex vivo and not in vivo. To
provide the required evidence, better designed studies are needed. The sorghum and
millet products should be fully characterised, especially their phytochemical
composition. Most importantly, well-controlled human clinical studies and intervention

trials are required.



INTRODUCTION

It is considered that sorghum and the millets are particularly nutritious cereal grains.*
Further, sorghum and millet grains are also generally unusually rich in health-promoting
phytochemicals, especially polyphenols,?® and as a consequence that they are
considered as being health-promoting foods”.®® However, as with most generalisations
there are important qualifications. As summarised in Table 1, there are fundamental
differences in the types and levels of phytochemicals between different species and
between varieties of the same species of sorghum and millets. Phytochemical levels are

also affected by cultivation environment.?

In relation to the concept that sorghum and millets are health-promoting foods, it is
important to recognise that similar huge variations in phytochemical levels also occur in
the more commonly cultivated cereals. Some varieties of wheat, maize and rice,
notably those coloured black, blue, purple and red, contain high levels of levels of
anthocyanin polyphenols® and total polyphenols.’® and these can be in the same range or

even higher than some sorghum and millet types.*

It is also important to take into consideration that some of the phytochemicals present in
sorghum and millets are not necessarily health-promoting. Some varieties of sorghum
and finger millet contain substantial levels of condensed tannins (proanthocyanidins and
procyanidins) (Table 1). The condensed tannins in sorghum are generally considered as
antinutrients, as they have been associated with adverse effects on dietary protein
digestibility,**'? digestive enzyme activity™® and mineral bioavailability.**** Their

inhibitory effects on starch digestion have, however, been suggested as being potentially



Table 1: Kernel structure, presence of particular phytochemicals and health related aspects of sorghum and the major millets

Name® Kernel Presence of Flavonoids™ Phenolic Significant Health related

structure'?’ tannins™ acids® phytochemicals® aspects®®

Sorghum Caryopsis Depends on Levels depend on  Present all 3- Digestive amylase

Sorghum bicolor sorghum type sorghum type types at deoxyanthocyanins®®® inhibition® **.

(L.) Moench Type | (no High in black apparently Policosanols*® Evidence of slow
pigmented testa) — type, intermediate  relatively starch digestion®?
none in red, low in similar levels Protein glycation
Type Il white inhibition®**’
(pigmented testa,
pericarp generally
chalky)- low
levels
Type Il
(pigmented testa ,
grain generally
red/brown)— high
levels

Finger millet Utricle Depends on High levels'® Relatively low, Antihyperglycaemic

Eleucine type'?s intermediate effects™d 894

coracana White and red (no levels'® Anti-inflammatory®

(L.) Gaertn. pigmented testa) 106

none

Brown - yes -
some varieties
(with pigmented
testa)



Foxtail millet
Setaria italica
(L.) P. Beauv.
subsp. italica

Pearl millet
Pennisetum
glaucum (L.) R.
Br.

Proso millet
Panicum
miliaceum
L. subsp.
miliaceum

Teff
Eragrostis tef
(Zuccagni)
Trotter

Utricle

Caryopsis

Utricle

Caryopsis

Essentially
none'?

Can contain low
levels,*® (more
probably
absent)™!

Essentially

none'?

None!®?

Intermediate
levels®®

Relatively low
levels'®®

Relatively low
levels™?

Relatively low
levels™*

133

High levels

High levels'®

High levels'**

Relatively low
levels

C-glycosyl flavones
(vitexin)™®

Antihyperglycaemic
hypolipidemi
e

Goitrogenic effects®
19,20

Serum cholesterol
improvement® 1%°

*USDA Germplasm Resources Information Network http://www.ars-grin.gov/

bActual levels of the various phytochemicals are given in the references
‘in vitro/ex vivo study
%animal model study

*human study


http://www.ars-grin.gov/

beneficial in the prevention of type 2 diabetes and metabolic syndrome.*® Also, pearl
millet seems to uniquely contain flavonoid C-glycosyl flavones, especially vitexin,*°

which are goitrogens.*® These glycosyl flavones have been implicated as a cause of
the high incidence of goitre in certain communities in Sudan®® and India®® where pearl

millet is a staple.

To date, most literature on the phytochemicals of sorghum and millets has been
focussed on quantifying the levels and bioactive properties of those present in the
grains,*® probably with the assumption that that they will also be present and exhibit
these health-enhancing activities in the sorghum and millet foods and beverages.
However, for example, as shown in Table 1 the kernels of several of the major millet
species are utricles (kernels with loosely attached sack-like seedcoats), which means
that the “hull” must be removed when the grain is processed into foods. Further, even
where the kernels are naked, as with sorghum, the grain is generally decorticated
(debranned) to produce flour before further processing (generally hydrothermal
processing) into food and beverage products.?! Thus, an issue that has not been given
adequate attention is whether foods and beverages produced from sorghum and the

millets still contain substantial levels of phytochemicals.

Therefore this review examines the effects of food processing operations on the
phenolic phytochemicals in sorghum and the major millets, and attempts to evaluate
whether their food and beverage products are actually functional and have unique
health-promoting properties due to the presence and action of these and other

phytochemicals.



EFFECTS OF PROCESSING ON PHENOLIC PHYTOCHEMICALS IN
SORGHUM AND MILLETS

The aim of processing as applied to grains is to transform the raw grains into finished
products with good sensory and nutritional quality suitable for consumption.

Processing affects the chemical constituents and physical properties of foods. As would
be expected, processing has an influence on phytochemicals in sorghum and millets and
this has a bearing on the potential health benefits that can be provided by the finished
product. In this regard, the effect of various food processing methods on
phytochemicals in sorghum and millets has become an important area of research. The
effects of the four main processing methods applied to sorghum and millets to produce
their food and beverage products: dehulling and decortication, malting, fermentation
and thermal processing on their phenolic phytochemicals are discussed. It should be
noted that these processing operations are generally performed in combination. For
example, decortication and dehulling of the grain to produce a flour, which is

subsequently wet cooked and then fermented into a sour porridge.

Dehulling and Decortication

These terms refer to the process whereby the outer layers of the grain, the hull where
present (Table 1) and the pericarp are removed. This is done because they are coarse
and generally unpalatable. Removal of the pericarp also removes antinutritional factors
such as phytates and tannins and therefore can increase bioaccessibility of various
nutrients. For instance, in the production of food products from tannin sorghum,
decortication reduces astringency, improves digestibility and produces lighter coloured
products,?* which are generally preferred by consumers. Sorghum grains are normally

decorticated by mechanically abrading off the outer layers of the kernel, which leaves



clean endosperm that can then be milled into flour.?* Millets are relatively more
difficult to decorticate using abrasion primarily owing to their rather small size. In

22,23

sorghum®*?® and the millets,* flavonoid phenolic compounds other than tannins and

waxes like the policosanols®

are also concentrated in the outer layers of the grain.
Therefore decortication, which removes these outer layers, also substantially reduces
their content in the flours produced. These effects have been reported by various

workers (Table 2).

Malting

Malting can be defined as the germination of grain in moist air under controlled
conditions.?! Sorghum is malted more extensively in comparison with the millets.
Malted sorghum is used in the production of opaque beer in many countries in sub-
d.25’26

Saharan Africa and increasingly in lager beer and malt beverages across the worl

Research into the effects of malting on phenolics in sorghum and millets has yielded

27-34 34-37

mixed results. With sorghum<"" and millets® " mostly decreases in phenolics have
been reported (Table 2). However, there have also been reported increases with
malting.***° Various mechanisms have been proposed to account for these effects of

malting on phenolic phytochemicals.

Leaching of phenolic compounds during steeping and germination has been proposed as
one of the major modes by which phenolics are lost.?’**" The aqueous environment
that is present during steeping and germination facilitates solubilisation of phenolic
compounds, which subsequently leach out into the steep liquor. For example, significant
browning of supporting filter paper during germination of sorghum has been observed,*’

which was attributed to leaching of phenolic compounds from the seed coat of the grain.



Table 2: Summary of recent literature on effects of various processing methods on phenolic phytochemicals in sorghum and millets

Grain type

Processing method

Effect of processing and reference

Pigmented high
tannin sorghums

and white tan-plant

sorghum
Tannin and non-
tannin sorghums

Tannin and non-
tannin sorghums

Red and white
non-tannin
sorghums

Pearl millet types
Pearl millet

Finger millet

Finger millet

Dehulling and decortication
Decortication using a tangential abrasive
dehulling device up to 6 min to produce
different bran fractions

Decortication for 6-8 min to 70-81%
extraction rates using a Prairie Research
Laboratory (PRL) dehuller

Decortication to 70 and 90% extraction rates
using PRL dehuller

Decortication by PRL dehuller for different
times to obtain successive bran fractions

Mechanical dehuller

Decorticated using a hand grinder and air
classification with a seed blower to separate
fractions by size and density

Tempering with water for 10 min, milling
and sieving to separate seed coat from
refined flour

Hydration and steaming followed by
decortication with a horizontal carborundum
disc mill

Earlier bran fractions had highest levels of total phenolics, tannins, 3-
deoxyanthocyanins and antioxidant activity*

Decrease in total phenolics by 33% for non-tannin and by 77% for tannin
sorghum and decrease in tannins by 79-92%. Decrease in ABTS radical
scavenging capacity of tannin and non-tannin sorghums by 73-87%°
Decortication to 70% extraction rate reduced total phenolic content of
sorghum flours by 43-66% and ABTS radical scavenging by 25-89%.
Decortication to 90% extraction rate reduced condensed tannin content of
tannin sorghum by 12% and at 70% extraction rate, no tannin was
detected®®

Decrease in phenolic content and DPPH scavenging activity with increasing
time of decortications. Phenolic content of the endosperm was significantly
lower than the rest of the bran fractions™®
Reduction in total phenolic content by 49-51%
Reduced total phenolic content, ORAC? value and hydroxyl radical
scavenging capacity. Ferulic acid content reduced by 39% and p-coumaric
acid by 5294

Refined flour had lower total phenolic content (0.8%) than wholemeal
(2.3%). Seed coat fraction had highest total phenolic content (6.2%)*

139

Decortication reduced polyphenol content by 75%"*



Finger millet

Foxtail, proso,
finger and pearl
millets

Tempering with water and milling in a plate
mill, sieving and separation of seed coat and
flour fractions

Dehulling and decorticated using a hand
grinder and air classification with a seed
blower to separate fractions by size and
density

Seed coat had highest total phenolic content of 13%. Refined flours had
total phenolic contents of 3-4%'*®

Losses of total phenolics by 21%, 12-65%, 72%, and 2% for finger, foxtail,
proso and pearl millets, respectively®?

Red sorghums
Tannin sorghum
Red non-tannin

sorghums
Pearl millet types

Malting
Steeping and germination at 25°C

Steeping for 48 h and germination for 36 h

Steeping overnight and germination for 85 h

Steeping overnight and germination for 48 h

53% retention of total phenolics. Catechols and resorcinols were reduced to
54% and 44%, respectively*

Increased levels of various phenolic compounds such as p-
hydroxybenzaldehyde, p-hydroxybenzoyl alcohol, p-hydroxybenzoic acid
and protocatechuic acid***

87% increase in total phenolics®

Soaking reduced total phenolics by 15% and germination decreased total
phenolics by a further 73%>°

Finger millet Steeping for 24 h and germination for 96 h Decrease in the major bound phenolic acids, caffeic acid, coumaric acid and
ferulic acid by 45%, 42% and 48%, respectively*?
Finger millet Steeping and germination at 25°C Reduction in total phenolics, catechols and resorcinols with 79%, 54% and
68% retention, respectively®*
Finger millet Steeping for 24 h and germination forupto  Loss of polyphenols by 44% after the first 24 h of germination and by
120 h another 40% over the next 48 h*’
Fermentation
Sorghums Natural fermentation at 37°C for 24 h Reduction in tannin content by 15-35%"*

Tannin sorghum

Red sorghum

Lactic acid fermentation at 30°C for 1 day
and alcoholic fermentation for 2 days

Fermentation at 30°C for 48 h to <pH 4

Reduction in proanthocyanidins by 54% during lactic acid fermentation and
by 34% during alcoholic fermentation. Reduction in p-
hydroxybenzaldehyde by 98% during lactic acid fermentation and by 92%
during alcoholic fermentation**

Reduction of total phenolics by 57%, catechols by 59% galloyls by 70%

10



Red sorghums

Tannin and non-
tannin sorghums
Pearl millet types
Finger millet

Spontaneous lactic acid fermentation for 14
h
Lactic acid fermentation to pH 3.6

Natural fermentation at 30°C for 14 h
Natural fermentation at 37°C for 48 h

and resorcinols by 73%"*
Increase in total reactive phenolic hydroxyl groups by more than 100%™

Decrease in total phenolics and antioxidant activity™

Reduction of total polyphenols by 60% and 31%"°
Reduction of total phenolics by 26-29% and tannins by 44-52%

Red sorghum

Tannin sorghum
Red sorghum

Tannin and non-
tannin sorghums

Tannin and non-
tannin sorghums
Red sorghum

Sorghums

Pearl millet types
Pearl millet types
Finger millet

Thermal processing
Boiling of whole grain

Boiling of flour
Steaming soaked grains at 200-220°C for 20
min

Twin-screw extrusion cooking with feed
moisture of 18% at 150- 160°C with 30-90 s
residence time

Baking sorghum dough into cookies at
180°C for 10 min

Roasting steamed grains at 150°C

Soaking grains in hot water, conditioning,
steaming, tempering, partial drying and then
flaking in a roller flaker and blistering in a
fluidized bed roaster

Wet cooking of whole and decorticated flour
Heating of whole grains in hot air at 110°C
Boiling whole grain

Reduction in total phenolics, catechols and resorcinols with 21%, 20% and
12% retention, respectively*

Decrease in proanthocyanidin levels by 54%
Reductions in free vanillic acid and free p-coumaric acid, but increases in
free ferulic acid and bound p-coumaric acid. Reductions in total phenolics,
total flavonoids and procyanidin levels®®

Reduction in measurable total phenolics and tannins. Reduction in ABTS
radical scavenging capacity by 83-87%°

144

Reduced assayable condensed tannins by 95 and 96% in cookies made from
100 and 90% extraction rate flour, respectively®®

Increases in levels of all detected phenolic acids except free vanillic and
bound p-coumaric acid). Increases in total phenolics, total flavonoids and
procyanidin®®

Flaking reduced soluble polyphenols by 83%, bound polyphenols by 63%
and total polyphenols by 75%. Blistering flaked sorghum increased soluble
polyphenols by 39% and decreased bound polyphenols by 4294

Decrease in total phenolic content by 8-13%"**

Decreased in total phenolics by 24%*

Reduction in total phenolics, catechols and resorcinols with 60, 60 and 47%
retention, respectively®*

11



Finger, foxtail, Boiling dehulled/decorticated grains Reduction in total phenolic content of finger, foxtail, proso and pearl millets
proso and pearl by 11-36%, 3%, 4%, and 4% respectively®

millets

%0Oxygen radical absorbance capacity

12



Another proposed mechanism by which germination of sorghum and millets may
decrease phenolic compounds is that they enter the endosperm together with imbibed
water during steeping and germination.?”*23* Within the endosperm, the polyphenols
may bind with proteins and other macromolecules and become less extractable.?2293%34
In this regard, it is perhaps incorrect to refer to a “loss” or “decrease” of phenolics due
to germination. This is because by this mechanism, there is no loss of phenolics out of
the system of the sorghum or millet grain as is the case with leaching. The phenolics
stay within the grain system but become less extractable due to formation of complexes

with macromolecules. For instance, condensed tannins are known to form irreversible

complexes with sorghum kafirin prolamin protein.**

The activity of various enzymes that are mobilised during germination of sorghum and
millets, also has an influence on phenolic content. It is suggested that polyphenol
oxidase (PPO) is one of such enzymes.?®** Phenolic compounds are a substrate for
PPO. Thus, the action of the enzyme would remove the phenolic substrate. Hydrolytic
enzymes also play a role in the loss of phenolics during germination. Hydrolysis of
tannin-protein and tannin-enzyme complexes has been mentioned as being responsible
for removal of polyphenols during germination of pearl millet.** Enzymatic hydrolysis
of polyphenols may bring about reductions in total phenolics and tannins during
sprouting of pearl millet® and finger millet.>® Hydrolytic enzymes that have been
specifically mentioned are the esterases. These esterases are induced during germination
and they act on phenolic acid esters linked to arabinoxylans and other non-starch

polysaccharides.®"#

13



With regard to increases in polyphenols during sorghum malting, a progressive increase
in tannin content over a five day germination period was attributed to solubilisation of
tannin during the steeping process and migration of tannins to the grain outer layers,
which was inferred from the observed browning of the germinated seeds.®® However, it
is worth noting that the suggested migration of tannins to the outer layers of the grain
was not confirmed in this work. Other work reported an increase in total phenols,
tannins, total leucoanthocyanin and total anthocyanin in four sorghum cultivars
germinated for up to 96 h.>* Tannin contents increased by up to 11 fold, while total
phenols increased by between 7 and 14 fold. There were parallel increases in
leucoanthocyanins and anthocyanins. These increases were attributed to de novo
synthesis and polymerisation during germination. Other research reported an 87%
increase in total phenolics in sorghum after malting.** The increase was attributed to
losses of dry matter during the malting process (which may concentrate the phenolics)

and hydrolysis of condensed procyanidins.

Fermentation

Many traditional sorghum and millet foods and beverages, especially in Africa, are
fermented, either by lactic acid bacteria (LAB) alone or by a combination of LAB and
yeasts, i.e. sourdoughs and traditional beer fermentations. There are several reviews
describing these fermented products, which comprise flatbreads, doughs and dumplings,
porridges, gruels, non-alcoholic beverages, opaque and cloudy beers.”* ** The
metabolic activity of these microorganisms during the fermentation process, which
involves various enzyme activities, has an effect on the chemical constituents of the

food. Therefore microbial activity during fermentation of sorghum and millets

14



determines the fate of phenolic compounds and functional and health-properties of the

grains.

It appears that unlike malting, fermentation clearly reduces the levels of phenolics in
sorghum and millets. For example, spontaneous fermentation (most likely lactic
fermentation) of sorghum for 36 h was found to decrease tannins by 27%.% Further,
spontaneous fermentation of grains that had been sprouted for 96 h decreased tannins by
a further 57%.%° The decrease in tannins was attributed to synergistic effects of
sprouting and fermentation. It was suggested that the two processes produce enzymes
that break down complexes to release free tannins which then leach out. Lactic acid
fermentation for up to 36 h to produce mahewu, a non-alcoholic soured sorghum
beverage, was found to decrease water soluble proanthocyanidins in tannin sorghum
cultivars by up to 63%.%® Similarly, fermentation was found to reduce assayable
phenolic compounds in sorghum gruels, especially in gruels with added Power Flour
(malted non-tannin sorghum).”® The combination of fermentation with this addition of
enzymes reduced total phenolics by 57%, catechols by 59%, galloyls by 70% and
resorcinols by 73%. The authors outlined a number of reasons for the observed
decreases in phenolics due to fermentation. These were: losses in phenolics due to the
activity of PPO either from the cereal or the microflora,> the acidic environment during
fermentation causing abstraction of hydride ions and rearrangement of phenolic

structures,>®>*

and the acidic environment resulting cleavage of proanthocyanidins into
flavan-3-ols which are subsequently oxidised to quinones.>*** Also, the fermentation
process may have reduced extractability of phenolic compounds due to self-

polymerisation and/or interaction with macromolecules such as proteins.>

15



It has been found that fermented slurries of whole and decorticated tannin sorghums had
lower total phenols (measured using the Folin-Ciocalteu assay) and antioxidant activity
(2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid [ABTS] and di(phenyl)-(2,4,6-
trinitrophenyl)iminoazanium [DPPH] radical scavenging) compared to unprocessed
whole and decorticated grains.>® This highlights the generally observed trend of a
positive correlation between total phenolic content and antioxidant activity of grains. It
was suggested that this difference could have been due to changes occurring during the
fermentation process that affected extractability of phenolics. The authors proposed that
the observed effect of fermentation could be due to binding of phenolics to proteins and
other components in the aqueous fermentation environment, making them less
extractable,’ or degradation of phenolics by microbial enzymes, e.g. PPO and

peroxidase.”

With regard to fermentation of millets, a decrease in total polyphenol content of rabadi,
a fermented pearl millet food, was found with increasing fermentation time at various
temperatures.®* Loss in polyphenol content was highest after 9 h fermentation. The
authors suggested that reduction in polyphenols may be due to activity of PPO in the
pearl millet grain or the fermenting microflora. Similarly, fermentation of finger millet
for 48 h was found to reduce total phenolics by 26-29% and tannins by 44-52%.%® The
reduction in total phenolics and tannins in the first 24 h of fermentation corresponded
with an increase in microbial population, which reached a maximum of 10%° cfu g™
between 18 and 24 h and remained stable thereafter. It was suggested that release of
fibre-bound tannins and PPO activity by fermenting microbes could explain the

reduction in phenols due to fermentation.

16



Recent research has provided evidence that because of the antimicrobial nature of the
phenolics in sorghum and millets, the LAB in their fermented products have the unusual
ability to detoxify the phenolics.® When a type 111 tannin sorghum was fermented
using binary combinations of Lactobacillus plantarum and L. casei or L. fermentum and
L. reuteri isolated from a traditional Botswana sorghum fermented gruel, ting, it was
found that phenolic acids, phenolic acid esters and flavonoid glucosides were
metabolised.**’ Further, it was demonstrated that single strain cultures of the lactobacilli
showed glucosidase, phenolic acid reductase, and phenolic acid decarboxylase activites,
which contributed to the polyphenol metabolism. In related work, it was shown that
these LAB, were different from those in wheat sourdough and this appeared to be due
their resistance to phenolics and the fact that the LAB used glucose and not maltose as
major carbon source.®® The utilisation of glucose as a carbon source seems to be related
to the fact that raw sorghum and millet grains lack f-amylase, the maltose producing

enzyme.®!

Thermal processing

Thermal processing is the most common method of processing sorghum and millets and
is often applied in combination with one of more of the other processes. It involves
various operations such as wet cooking, steam cooking, extrusion cooking (all
hydrothermal) and baking and roasting (dry thermal processing). Thermal processing of
sorghum and millets may increase or decrease in phenolic contents and antioxidant
activities. Mechanisms proposed to account for these different effects include; release
of bound phenolics from the food matrix, polymerisation and oxidation of phenolics,
thermal degradation, depolymerisation of high molecular weight phenolics such as

condensed tannins and production of Maillard reaction products.

17



Concerning wet cooking alone, boiling whole grain sorghum and finger millet in water
for 15 min reduced the total phenolic content of sorghum by 79% and finger millet by
40%, respectively.®* Retention of catechols and resorcinols in sorghum after cooking
was 20% and 12%, respectively. With finger millet, retention after cooking was 60%
and 47% for catechols and resorcinols, respectively. These findings were attributed to
thermal degradation of the phenolics, leaching of phenolics into the cooking media, and
migration of phenolics into the endosperm with the imbibed water during cooking.>* It
was suggested that these phenolics then formed complexes with macromolecules such
as proteins and their extractability was decreased. Similarly, boiling various dehulled
finger millet grains in water for 30 min reduced their total phenolic content by 11-
36%.%% 1t was suggested that degradation of phenolics upon heat treatment and leaching

of phenolics into the endosperm to form complexes with proteins and other

macromolecules with reduced extractability could contribute to the observed decreases.

Steaming whole grain sorghum (previously soaked in water for 1 h and dried to constant
weight at 50°C) caused losses of free vanillic acid and free p-coumaric acid, but
increased free ferulic acid and bound p-coumaric acid.®® Soaking and steaming also
reduced total phenolics, total flavonoids and procyanidin levels. These losses were
attributed to leaching of some soluble conjugated phenolic acids and other water-soluble
phenolic compounds into the soaking water and oxidative degradation of phenolics by

steaming.

Extrusion cooking has been reported to reduce measurable total phenolics and tannins

and ABTS radical scavenging activity in both milled whole grain and decorticated

18



tannin sorghums.®® The authors suggested that the specific effect of extrusion may be
dependent on feed moisture during extrusion process. High feed moisture (> 18%)
could promote phenolic and tannin polymerisation, reduce their extractability and
reduce antioxidant activity.®* This may potentially be an indication of the
polymerisation of phenolics through a mechanism of oxidative coupling under the given
extrusion conditions. With lower feed moisture (< 15%), high shear and high
temperature conditions of the extrusion process may depolymerise condensed tannins
and convert them into lower molecular weight oligomers that are more extractable.®®
The depolymerisation of higher oligomeric polyphenols into lower molecular weight
variants may not necessarily always lead to greater extractability. Similarly, protein
sequestration could occur during extrusion cooking and this could promote formation of

insoluble protein-polyphenol complexes which is a well-known phenomenon.**

Concerning dry heat treatments, baking condensed tannin sorghum flours into cookies
was found to reduce assayable condensed tannins by 95 and 96% in cookies made from
100 and 90% extraction rate flours, respectively.®® It was suggested that sorghum
proteins may have formed insoluble complexes with the condensed tannins** during
dough preparation and baking, thus reducing their extractability. When calculated on the
basis of the proportion of flour in the cookies, total phenolic content and antioxidant
activity of the cookies were actually higher than in the in flours. It was suggested that
the formation of Maillard reaction products, which possess reducing properties,®’ and
release of bound phenolic acids from cell walls during baking®® may have been
responsible for the apparent increase in total phenolics and antioxidant activity on
baking. On the other hand, the more severe dry heat treatment of roasting whole grain

sorghum (previously steamed and then dried to constant weight at 50°C) was found to

19



increase phenolics in sorghum.®® Roasting caused increases in levels of all the detected
phenolic acids (except free vanillic and bound p-coumaric acid). It also increased total
phenolics, total flavonoids and procyanidin levels. The increases were attributed to
release of bound phenolics from cell walls, degradation of conjugated polyphenolics,
e.g. tannins, at high temperature to simple phenolics and overall increased in

extractability of phenolic components after roasting.

With regard to thermal treatment in combination with other processing operations, when
sorghum grain were taken through a flaking and blistering process, which involved
soaking the grains in hot water, conditioning, steaming, tempering, partial drying,
flaking in a roller flaker and blistered in a fluidized bed roaster, flaking reduced soluble
polyphenols by 83%, bound polyphenols by 63% and total polyphenols by 75%.% The
decrease in polyphenols was attributed to loss of bran layers from the whole grain
during flaking. Blistering the flaked sorghum increased soluble polyphenols by 39%
and decreased bound polyphenols by 42%, while there was no change in total
polyphenols. The increase in soluble polyphenols during blistering was attributed to
liberation of bound polyphenols and higher extractability due to changes in starch
structure on dry heat treatment during the blistering process. Similar results regarding
soluble polyphenols were observed with pearl millet.® Similarly, it has been reported
that wet cooking flour prepared from sprouted sorghum grains, followed by
fermentation for 36 h synergistically reduced tannins in sorghum.*® The flour from
grains sprouted (malted) for 72 h and 96 h both had a tannin reduction of 49% after
cooking and fermentation. It was suggested that the reduction in tannins was due to the

activity of fermentation organisms and protein denaturation. The authors hypothesized
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that cooking and fermentation broke down tannin-enzyme and protein-tannin complexes

and released free tannins which were subsequently leached out.

Potential functional and health-promoting properties associated with the phenolic and
other phytochemicals in sorghum and millet include anti-metabolic syndrome effects,
specifically anti-diabetic, anti-inflammatory, anti-hypertensive and cardiovascular
disease (CVD) prevention, and also anti-cancer>® and microbial disease prevention
(prebiotic and probiotic effects).*”*° Next, the evidence for these properties in sorghum

and millet food and beverage products will be examined.

FUNCTIONAL AND HEALTH-PROMOTING PROPERTIES OF SORGHUM
AND MILLET FOODS AND BEVERAGES IN RELATION TO THEIR
PHYTOCHEMICALS

Traditional sorghum and millet foods and beverages include whole grain snacks, “rice”,
semolina, couscous, doughs and dumplings, flatbreads, porridges and gruels, non-
alcoholic beverages and opaque and cloudy beers. Non-traditional products include
ready-to-eat snack foods and gluten-free pasta, noodles, baked products, malted
beverages, lager and stout beers. The methods of preparation of these products, which
invariably include combinations of the four operations discussed, have been extensively
reviewed.®24%%7978 Here in vivo research work which concerns the health-promoting
properties of sorghum and millet food and beverage products in relation to the
phytochemicals present, is reviewed. Where such work does not exist, relevant in vivo

work on grains and extracts and in vitro work on food products are reviewed.
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Anti-diabetic effects

There is good evidence that wet cooked sorghum foods such as porridges exhibit slower
starch digestion than similar products than other cereals.”” This is primarily due to the
endosperm protein matrix, cell wall material and condensed tannins (if present in the
particular variety and if not removed by decortication) inhibiting enzymatic hydrolysis
of the starch. Polypeptide disulphide bond cross-linking involving the kafirin prolamin
proteins in the protein matrix that envelops the starch granules in the corneous

endosperm is probably the major factor that limits starch digestion.”®°

The evidence of specific inhibition by sorghum tannins on starch digestibility seems to
be contradictory. In vitro work showed that bran  and bran extracts'® from tannin
sorghum decreased the starch digestibility, estimated glycaemic index and increased
resistant starch (RS) of sorghum endosperm porridges. In apparent contrast, it has been
found that with cooked whole grain sorghum flours (whether freshly cooked or stored),
there was no correlation between tannin content, nor tannin molecular weight and
rapidly digestible, slowly digestible, or RS.%? However, other work shows that sorghum

tannins do actually interact strongly with starch and decrease starch digestibility.®

There is also evidence from animal model studies that sorghum phenolics exert more
subtle antidiabetic metabolic effects than simply inhibiting starch digestion. Solvent
extracts (the common procedure used for selectively extracting phenolics) from

sorghum have been shown to inhibit hepatic gluconeogenesis (glycogen synthesis) in
streptozotocin-induced diabetic rats.>* Sorghum extracts were also found to increase
insulin sensitivity in mice fed high fat diets.®*® The research indicated that this was as

result of increased adiponectin (a hormone regulating glucose levels and fatty acid
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breakdown) and decreased tumour necrosis factor-a, via overexpression of peroxisome
proliferator-activated receptor gamma (a regulator of fatty acid storage and glucose
metabolism) from apidose tissue. A criticism of these works is that the phenolics in
these extracts were not measured so the levels may not have been similar to those in

food products.

With regard to the millets, there is also good evidence that finger millet condensed
tannins are powerful inhibitors of the key digestive amylase enzymes, pancreatic o-
amylase and o-glucosidase.®® Similar to the evidence with sorghum, finger millet
phenolic-rich seed coat, which is invariably removed during processing, was found to
exhibit very positive, more subtle, antidiabetic effects when fed to streptozotocin-
induced diabetic rats.!” In addition to reduced fasting hyperglycaemia, there was lower
lens aldose reductase activity, lower serum advanced glycation end products, lower
glycosylated haemoglobin levels and reduced cataracts (all indicators of reduced
glucose-protein reactions). Further, there was partial reversal of kidney damage and
improved body weights compared to the control group. Whole grain finger millet flour
has also been found to be antihyperglycaemic and reduce collagen glycation in rats with
diabetes induced by alloxan.®® Regarding other millets, an aqueous extract of foxtail
millet was shown to exert strong antihyperglycaemic effects in streptozotocin-induced
diabetic rats.® It should be noted that such aqueous extracts will contain many other

substances in addition to phenolics.

A key issue is do the various effects translate into to a lower glycaemic response in

human subjects consuming sorghum and millet foods? An early and comprehensive

study involved feeding three whole grain sorghum and equivalent “dehulled”
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(debranned) sorghum products and equivalent wheat and rice products consumed in
India missi roti (fried flatbread), upma (boiled semolina) and dholka (fermented
steamed product) to six non-insulin dependent patients.”® All the whole grain sorghum
products gave a much lower glycaemic response than the debranned sorghum products.
Notably, however, there were no differences in glycaemic response between the
debranned sorghum products and their wheat or rice equivalent. A weakness in the
study was the sorghum used was not characterised in terms of variety or phenolic

content.

There have been several investigations involving human subjects into whether finger
millet has hypoglycaemic effects, going back to 1957°*%*. The results from some of the
more reliable studies with respect to grain and food product characterisation and
comparisons are summarised. The effect of roti (flatbread) and dumplings made from
finger millet, rice and sorghum on the glycaemic response in non-insulin dependent
diabetic (NIDD) and normal subjects was measured.” In NIDD subjects, the finger
millet dumpling elicited a higher glycaemic response than the sorghum and rice
dumplings and all the rotis made from the different cereals. In other work, porridges
prepared from wheat, decorticated (debranned) finger millet, popped and expanded rice
were given to healthy subjects and their glycaemic indices (Gls) measured. %
Interestingly, the wheat porridge elicited by far the lowest GI (55+9) and that of
porridge from decorticated finger millet (93£7) was not much less than that of the rice
products (1056 and £109+8). However, it has been found that noodles made from a
composite flour of finger millet and refined wheat elicited a lower Gl (45) than refined
wheat noodles (63).>* Similarly, the Gls of refined wheat, wheat-finger millet and

wheat-foxtail millet composite breads® and composite wheat-foxtail millet biscuits *
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were measured when given to healthy subjects. Both types of millet-wheat composite
breads had lower Gls than wheat bread, 41-43, 50 and 68, respectively®®and the finger
millet-wheat composite biscuits had somewhat lower Gl than the wheat biscuits, 51
versus 68.%° However, it is not evident from these latter three studies whether the
millets were decorticated or not. Probably more significantly with respect to
determining whether foxtail millet has any hypoglycaemic effect, a cross-over
randomised clinical trial was undertaken where foxtail millet-wheat composite biscuits
and foxtail millet-chickpea composite burfi (a sweet) were fed to type 2 diabetics.®’ It

was found that both products resulted in moderate long-term improvement in glycaemic

response but did not affect glycosylated haemoglobin levels.

Despite all this research, a recent review concluded that many of the Gl studies on
antidiabetic effects of finger millet and other millets have been flawed due to out-dated

methodology and it is difficult to draw meaningful interpretations.?*

Anti-inflammatory effects and CVD prevention

Meta-analysis of cohort studies (analysis of several prospective studies of the
association of risk factors with disease outcomes) has shown that there is a consistent
inverse association between dietary intake of whole grains, including sorghum and
millets in incident CVD.? However, data directly on the impact of consumption of
sorghum and millet products on CVVD seem to be non-existent, but there is some
evidence that they affect the conditions that cause CVD or that are associated with
CVD. With regard to whole grain consumption effects, organic solvent extracts of
brans from black polyphenol-rich and tannin sorghum were found to reduce the oedema

(swelling) in chemically induced inflamed ears of mice.”® The authors attributed this to
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inhibition of the pro-inflammatory cytokines interleukin-14 and tumour necrosis factor-
a, which regulate the inflammatory response and immune cells. In support of the
hypothesis that the effects were due to polyphenols and tannins, bran extracts from
white or red and bronze pericarp sorghums, or oat, rice and wheat did not elicit anti-
inflammatory effects.”® Similar anti-inflammatory effects were found with bran extracts
from golden gelatinous sorghum.'® Importantly, the extracts were found to be nontoxic
by a rat animal model acute toxicity test. An aqueous extract of proso millet (the
composition of which was not described but likely rich in phenolics) was found to
reduce blood triglyceride levels, liver lipid accumulation and total cholesterol levels in
genetically obese mice.*”* The authors presented evidence that these effects were
related to regulation of hepatic lipogenesis and lipolytic gene expression and also

inhibition of release of cytokines and chemokines.

Potential effects of sorghum and millets on conditions causing or associated with CVD
do not seem to be solely due to phenolics. Lipid extracts from red non-tannin sorghum
were found to reduce cholesterol absorption and non-high density lipoprotein (HDL)
cholesterol concentrations when fed to hamsters.!® The authors suggested that plant
sterols were responsible for reducing cholesterol absorption and that policosanols,
which are present in sorghum,™*® may have inhibited cholesterol synthesis. Later work
by the group indicated that the sorghum lipids strongly affected the type of gut
microflora, which in turn may have improved cholesterol homeostasis,*® presumably
through short chain fatty acid metabolism by the microflora. Further, a protein
concentrate from foxtail millet was found to increase plasma HDL cholesterol and
adiponectin levels when fed to genetically type 2 diabetic mice.*® Similar results were

obtained when proso millet protein concentrate was fed to rats.’®
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With regard to research on effects of consumption of actual grains, as opposed to
extracts and grain components, dietary induced hyperlipidemic rats were variously fed
diets containing raw whole finger millet, proso millet and sorghum and white rice
(details of grains not given) with interesting results.*® Serum triglyceride levels were
substantially lower in the two millet groups than the sorghum and white rice groups.
Levels of C-reactive protein (an indicator of inflammation) were lower in the finger
millet group than the other groups. The group fed sorghum had significantly higher
serum-, total-, HDL- and low-density lipoprotein-cholesterol levels than the other

groups. Oxidative status was not affected in any of the groups.

The role of oxidative stress in the development of disease is important in this regard.
Oxidative stress refers to the condition where there is an imbalance between the
generation of reactive oxygen or nitrogen species (products of cellular redox processes
within the body) and the activity of the natural antioxidant defence systems of the
body.**® Severe oxidative stress is implicated in various diseases, including
cardiovascular disease, cancer and type 2 diabetes. Phenolics in general and in grain
foods are believed to reduce oxidative stress through various mechanisms, including:
suppression of the formation of reactive oxygen species either by inhibition of enzymes
or chelating trace elements involved in free radical production; scavenging reactive
oxygen species; upregulating or protecting antioxidant defence systems (such as the
glutathione radical scavenging system) and by increasing plasma uric acid levels, which

has reducing and free radical scavenging activities.*****
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Anti-cancer

Two frequently quoted studies, one across many countries including several parts of
Africa'® and one in China'® indicated that consumption of sorghum and millets was
associated with a lower incidence of oesophageal cancer. However, it should to be
pointed out that the former suggested that high rates of oesophageal cancer were
associated with micronutrient deficiency. As reviewed,>® there are a number of ex vivo
(cancer cell line) studies and Phase Il enzyme (endogenous enzymes that inactivate
potential carcinogenic metabolites through conjugation) induction studies showing that

phenolic extracts from sorghum and millets exhibit potential anti-cancer properties.

However, as is the case with CVD research, in vivo data are much more limited and
there are essentially no food product data. When rats were fed red sorghum
(presumably non-tannin), millet (species not given), brown (whole grain) rice or
potatoes was found to result in much lower levels of chemical induced oesophageal
cancer than maize, wheat, polished (debranned) rice, bananas and interestingly bird-
resistant (tannin) sorghum.'® In support of the findings from the same authors’

107

epidemiological study ", supplementation of the maize and wheat diets with vitamins

and minerals significantly reduced the numbers of oesophageal tumours.

Much more recently, in apparent contrast, it has been shown that mice injected with
procyanidin-rich (tannin) extracts from sorghum bran showed inhibited lung cancer
tumour growth and metastasis formation when lung cancer cells were subcutaneously
injected.® This appeared to be as a result of suppression of production of the Vascular
Endothelial Growth Factor, a signal protein that stimulates vasculogenesis and
angiogenesis. Similarly, injected sorghum phenolic extracts were found supress tumour

growth and inhibit metastasis to the lung in mice given breast cancer xenografts.*** The
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data indicated that the phenolic extracts modulated the Janus kinase/Signal Transducer
and Activator Transcription (Jak/STAT) signalling pathway, which is involved in gene

promotion causing DNA transcription.

Prebiotic, probiotic and antimicrobial effects

An important property of fermented sorghum and millet products is that because of their
low pH, typically below pH 4.0, they are generally microbiologically safe.*** Early
research revealed that the growth of Gram negative pathogens (Escherichia coli,
Campylobacter jeuni, Shigella flexneri and Salmonella typhimurium) was strongly
inhibited by the low pH, < pH 4.0, of naturally fermented sorghum.*>!** Related work
also suggested that the Gram positive Staphylococcus aureus was additionally inhibited
due to bacteriocin action.**® More recent research has provided evidence that fermented
sorghum and millet products can have both prebiotic and probiotic activities and that the

microorganisms involved can produce bacteriocins.

Prebiotics are indigestible, but fermentable carbohydrates that selectively stimulate
bacterial groups in the colon that are beneficial to the human host.* It has been found
that sorghum sourdoughs fermented with a probiotic stain of Weisella cibaria produced
substantial levels of prebiobic isomaltooligosaccharides (59 g kg™ dm).*® Dietary fibre
fractions from both pearl millet and foxtail millet have also been shown to act as
excellent substrates for the probiotic bacteria Lactobacillus acidophilus, L. rhamnosis,
Bifidobacterium bifidum and B. longum.**" Acetate, propionate and butyrate in
descending order were the major short chain fatty acids produced by both the

lactobacilli and the bifidobacteria.
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Probiobics are viable microorganisms that promote or support a beneficial balance of
the autochthonous (indigenous) microbial population in the gastrointestinal tract."*> The
probiotic potential of 152 LAB isolated from 12 different samples of traditional
fermented pearl millet gruel, ben-saalga (prepared from milled whole grain flour),
produced in Burkina Faso was analysed by genetic screening using 16S rRNA gene
sequencing.'® Genes associated with bile salt tolerance (indicative of potential to
survive in the human intestine) were widely distributed. However, only a limited set of
isolates, mainly those belonging to L. fermentum could tolerate the low pH, pH 2,
indicative of gastric survival. Yeasts isolated from traditional fermented sorghum and
millet products have also been found to have probiotic potential. Strains of Candida
krusei, Kluyveromyces marxianus, Candida rugosa and Trichosporon asahii isolated
from fura, a Ghanaian fermented pearl millet dough, were found to increase the
transepithelial electrical resistance (TEER), an indication of improved gastrointestinal
tract barrier properties, in an intestinal cell model system, polarized human intestinal
CaCo-2 cells.**® However, surprisingly, in general they decreased the TEER in another

mammalian cell model system, porcine intestinal IPEC-J2 cells.

Bacteriocins are generally considered as antibacterial proteins that are produced by
LAB.* A traditional Indian fermented finger millet food, koozh has been found to
contain a bacteriocin producing strain of Enterococcus faecium.*?! The bacteriocin,
which was highly stable against proteases, inhibited the growth the food-borne
pathogens including Leuconostoc mesenteroides and Listeria monocytogenes and also
had substantial bactericidal activity. Similarly, strains of L. reuteri and Pediococcus
acidilacti isolated from fura, the fermented pearl millet dough, have been shown to

produce bacteriocins with inhibitory activity against a wide range of pathogens.*??
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Research also indicates that LAB isolated from ogi, a fermented sorghum gruel from
Nigeria, can produce bacteriocins with high fungicidal activity.'*®

With regard to specific effects of sorghum and millet phenolics, it has been found that a
methanolic extract of the “husk” of brown finger millet (presumably a tannin-rich
extract) exhibited higher antimicrobial activity against Bacillus cereus and Aspergillus
flavus than an extract from whole grain flour.*** Similarly, a methanolic extract from a
type 111 tannin sorghum was found to exhibit higher antimicrobial activity against B.
subtilis and Listeria monocytogenes than extracts from white non-tannin sorghum.**’
Importantly, it was found that LAB fermentation of the sorghum by lactobacilli isolated
from traditional fermented sorghum porridge did not reduce the levels antimicrobial
activity. As explained, it appears that such lactobacilli can detoxify the phenolics,

59,147

which enables them to grow, whereas the growth of other microorganisms is

suppressed.

An important question, however, is whether the consumption of naturally fermented
sorghum and millet products is actually beneficial to human health. Research has been
conducted into the use of traditional sorghum and millet foods for children suffering
from diarrhoea. Children in Tanzania, after renydration treatment, were fed different
types of cereal porridges: conventional, high energy (amylase treated) or togwa, a
fermented sorghum gruel.*** Those receiving togwa showed better improvement in
intestinal barrier function. More recently, another study involved feeding koko sour
water, a live fermented pearl millet gruel, to infants suffering from diarrhoea who had
been brought to health clinics in Ghana.**> The microflora in koko sour water had
previously been shown to have some probiotic potential with the dominant LAB being

Weisella confusa and L. fermentum.?® However, no effect on the infants’ stool
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frequency or consistency, or duration of diarrhoea was found.*?® 1t should be noted,
however, that most of the infants also received antibiotic treatment. Notwithstanding
this, according to the authors, any effect in reducing diarrhoea by using spontaneously
fermented cereal foods is yet to proven.'® A review of African fermented foods
reached a similar but more general conclusion that there was an absence of firm
evidence about their probiotic induced health benefits due in large part to a paucity of

properly designed research studies.*’

CONCLUSIONS

Sorghum and millet grains are generally rich in phytochemicals, particularly various
types of phenolics. However, the types and amounts vary greatly between and within
species, and also with cultivation environment. Importantly, food processing
dramatically affects the levels of these phenolic phytochemicals in sorghum and millets.
Dehulling and decortication, and fermentation reduce the levels. Generally, malting
also reduces the levels. The effects of thermal processing are complex, as release of
bound phenolics and depolymerisation of polyphenols can take place. Thus, the levels
of phytochemicals in sorghum and millet foods and beverages are generally
considerably lower than in the grains. With regard to whether the hypothesised
functional and health-promoting effects of sorghum and millet food and beverages in
relation to their phenolics and other phytochemicals are proven facts, the above-
mentioned cautions about the proposed antidiabetic effects of millets®* seem to also
apply to research into the potential effects of CVD and cancer prevention. Concerning
LAB fermented sorghum and millets products, they may have probiotic effects related

to the unique properties of their microflora. Thus, while collectively the research
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evidence that the phenolics and other phytochemicals in sorghum and millet products do

exhibit health-enhancing effects is strong, direct proof is lacking.

As indicated, there is a general need for better designed studies. When the health-
enhancing properties of sorghum and millets are investigated the grains and the food
and beverage products being studied need to be fully characterised, especially with
regard to levels and types of phytochemicals. In animal model studies, food and
beverage products as consumed should be used and not just raw flours or extracts as at
present. Most importantly, well-controlled human clinical studies and intervention

trials are required.

REFERENCES

1 National Research Council, Lost Crops of Africa. Vol. 1: Grains. National Academy
Press, Washington, DC (1996).

2 Awika JM and Rooney LW, Sorghum phytochemicals and potential impact on human
health. Phytochemistry 65: 1199-1221 (2004).

3 Dykes L and Rooney LW, Review: Sorghum and millet phenols and antioxidants. J
Cereal Sci 44: 236-251 (2006).

4 Shahidi F and Chandrasekara A, Millet grain phenolics and their role in disease risk
reduction and health promotion: A review. J Functional Foods 5: 570-581 (2013).

5 Taylor JRN, Belton PS, Beta T and Duodu KG, Review: Increasing the utilisation of
sorghum, millets and pseudocereals: Developments in the science of their phenolic
phytochemicals, biofortification and protein functionality. J Cereal Sci

http://dx.doi.org/10.1016/j.jcs.2013.10.009 (2013).

33


http://dx.doi.org/10.1016/j.jcs.2013.10.009

6 Zhang G and Hamaker B, Nutraceutical and health properties of sorghum and millet,
in Cereals and Pulses: Nutraceutical Properties and Health Benefits, ed. by Liangli Y,
Tsao R and Shahidi F, John Wiley & Sons, Ames, lowa, pp. 165-186 (2012).

7 Amadou I, Gounga ME and Le G-E, Millets: Nutritional composition, some health
benefits and processing — A review. Emir J Agric 25: 501-508 (2013).

8 Saleh ASM, Zhang Q, Chen J and Shen Q, Millet grains: Nutritional quality,
processing and potential health benefits. Comp Rev Food Sci Food Safety 12: 281-295
(2013).

9 Abdel-Aal, E-SM, Young JC and Rabalski I, Anthocyanin composition of black, blue,
pink, purple and red cereal grains. J Agric Food Chem 54: 4696-4704 (2006).

10 Dykes L and Rooney LW, Phenolics compounds in cereal grains and their health
benefits. Cereal Foods World 52: 105-111 (2007).

11 Butler LG, Riedl DJ, Lebryk DG and Blytt HJ, Interaction of proteins with sorghum
tannin: mechanism, specificity and significance. J Amer Oil Chem Soc 61: 916-920
(1984).

12 Mitaru BN, Reichert RD and Blair R, The binding of dietary protein by sorghum
tannins in the digestive tract of pigs. J Nutr 114: 1787-1796 (1984).

13 Al-Mamary M, Molham A-H, Abdulwali A-A and Al-Obeidi A, In vivo effects of
dietary sorghum tannins on rabbit digestive enzymes and mineral absorption. Nutr Res
21: 1393-1401 (2001).

14 Towo E, Matuschek E and Svanberg U. Fermentation and enzyme treatment of
tannin sorghum gruels: effects on phenolic compounds, phytate and in vitro accessible
iron. Food Chem 94: 369-376 (2006).

15 Lemlioglu-Austin D, Turner ND, McDonough CM and Rooney LW, Effects of

sorghum [Sorghum bicolor (L.) Moench] crude extracts on starch digestibility,

34



estimated glycemic index (EGI) and resistant starch (RS) contents of porridges.
Molecules 17: 11124-11138 (2012).

16 Reichert RD, The pH sensitive pigments in pearl millet. Cereal Chem 56: 291-294
(1979).

17 Birzer DM, Klopfenstein CF and Leipold HW, Goiter-causing compounds found in
pearl millet. Nutr Rep Int 36: 131-140 (1987).

18 Gaitan E, Cooksey RC, Legan J, Lindsay RH, Antithyroid effects in vivo and in vitro
of vitexin; A C-glycosylflavone in millet. J Clin Endocrin Metab 80: 1140-1147 (1995).
19 Osman AK, Basu TK and Dickerson JWT, A goitrogenic agent from millet
(Pennisetum typhoides) in Darfur Province, Western Sudan. Ann Nutr Metab 27: 14-18
(1983).

20 Brahmbhatt, SR, Fernley R, Brahmbhatt RM, Eastman CJ and Boyages SC, Study of
the biochemical indicators for the assessment of iodine deficiency disorders in adults at
field conditions in Gujarat (India). Asia Pacific J Clin Nutr 10: 51-57 (2001).

21 Taylor JRN and Dewar J, Developments in sorghum food technologies Adv Food
Nutr Res 43: 217-264 (2001).

22 Hahn DH, Rooney LW and Earp CF, Tannins and phenols of sorghum. Cereal Foods
World 29: 776779 (1984).

23 Awika JM, McDonough CM and Rooney LW, Decorticating sorghum to concentrate
healthy phytochemicals. J Agric Food Chem 53: 6230-6234 (2005).

24 Shobana S, Krishnaswamy K, Sudha V, Malleshi NG, Anjana RM, Palaniappan L
and Mohan V, Finger millet (Ragi, Eleucine coracana L.): A review of its nutritional
properties, processing and plausible health benefits. Adv Food Nutr Res 69: 1-39

(2013).

35



25 Taylor JRN and Emmambux MN, Products containing other speciality grains:
sorghum, the millets and pseudocereals, in Technology of Functional Cereal Products,
ed. by Hamaker BR. Woodhead Publishing, Abington, UK, pp. 281-335 (2008).

26 Taylor JRN, Dlamini BC and Kruger J, 125" Anniversary Review: The science of
the tropical cereals sorghum, maize and rice in relation to lager beer brewing. J Inst
Brew 119: 1-14 (2013).

27 Chavan JK, Kadam SS and Salunkhe DK, Changes in tannin, free amino acids,
reducing sugars, and starch during seed germination of low and high tannin cultivars of
sorghum. J Food Sci 46: 638-639 (1981).

28 Glennie CW, Polyphenol changes in sorghum grain during malting. J Agric Food
Chem 31: 1295-1299 (1983).

29 Osuntogun AA, Adewusi SRA, Ogundiwin JO and Nwasike CC, Effect of cultivar,
steeping, and malting on tannin, total polyphenol and cyanide content of Nigerian
sorghum. Cereal Chem 66: 87-89 (1989).

30 Obizoba IC and Atii JV, Effect of soaking, sprouting, fermentation and cooking on
nutrient composition and anti-nutritional factors of sorghum (Guinesia) seeds. Plant
Food Hum Nutr 41: 203-212 (1991).

31 Iwuoha Cl and Aina JO, Effect of steeping condition and germination time on the
alpha-amylase activity, phenolics content and malting loss of Nigerian local red and
hybrid short Kaura sorghum malts. Food Chem 58: 289-295 (1997).

32 Elmaki HB, Babiker EE and El-Tinay AH, Changes in chemical composition, grain
malting, starch and tannin contents and protein digestibility during germination of

sorghum cultivars. Food Chem 64: 331-336 (1999).

36



33 Bvochora JM, Reed JD, Read JS and Zvauya R, Effect of fermentation processes on
proanthocyanidins in sorghum during preparation of Mahewu, a non-alcoholic
beverage. Process Biochem 35: 21-25 (1999).

34 Towo EE, Svanberg U and Ndossi GD, Effect of grain pre-treatment on different
extractable phenolic groups in cereals and legumes commonly consumed in Tanzania. J
Sci Food Agric 83: 980-986 (2003).

35 Sehgal AS and Kawatra A, Reduction of polyphenol and phytic acid content of pearl
millet grains by malting and blanching. Plant Food Hum Nutr 53: 93-98 (1998).

36 Nithya KS, Ramachandramurty B and Krishnamoorthy VVV, Effect of processing
methods on nutritional and anti-nutritional qualities of hybrid (COHCU-8) and
traditional (CO7) pearl millet varieties of India. J Biol Sci 7: 643-647 (2007).

37 Chethan S, Sreerama YN and Malleshi NG, Mode of inhibition of finger millet malt
amylases by the millet phenolics. Food Chem 111: 187-191 (2008).

38 Ahmed SB, Mahgoub SA and Babiker BE, Changes in tannin and cyanide contents
and diastatic activity during germination and the effect of traditional processing on
cyanide content of sorghum cultivars. Food Chem 56: 159-162 (1996).

39 Nwanguma BC and Eze MO, Changes in the concentrations of the polyphenolic
constituents of sorghum during malting and mashing. J Sci Food Agric 70: 162-166
(1996).

40 Kayode APP, Hounhouigan JD and Nout MJR, Impact of brewing process on
phytate, phenolic compounds and in vitro solubility of iron and zinc in opaque sorghum
beer. Lebensm-Wiss Technol 40: 834-841 (2007).

41 Emmambux NM and Taylor JRN, Sorghum kafirin interaction with various phenolic

compounds. J Agric Food Chem 85: 402-407 (2003).

37



42 Subba Rao MVSST and Muralikrishna G, Non-starch polysaccharides and bound
phenolic acids from native and malted finger millet (Ragi, Eleusine coracana, Indaf-
15). Food Chem 72: 187-192 (2001).

43 Taylor JRN and Dewar J, Fermented products: Beverages and porridges, in Sorghum
— Origin, History, Technology, and Production, ed. by Smith CW and Frederiksen RA.
John Wiley and Sons, New York, pp. 751-795 (2000).

44 Taylor, JRN, Beverages from sorghum and millet, in Encyclopedia of Food Sciences
and Nutrition, 2" Ed, ed. by Caballero B, Trugo L and Finglas P. Academic Press,
London, pp. 2352-2360 (2003).

45 Taylor JRN, Fermentation: Foods and nonalcoholic beverages, in Encyclopedia of
Grain Science, ed. by Wrigley C, Corke H and Walker CE. Elsevier, London, pp. 380-
390 (2004).

46 Elkhalifa AEO, Ali AM and El Tinay AH, Fermented sorghum foods of Sudan — A
review. J Food Sci Technol 44: 343-349 (2007).

47 Anukam KC and Reid G, African traditional fermented foods and probiotics. J Med
Food 12: 1177-1184 (2009).

48 Nout MJR, Rich nutrition from the poorest — Cereal fermentations in Africa and
Asia. Food Microbiol, 26: 685-692 (2009).

49 Yao AA, Egounlety M, Kouame LP and Thonart P, Les bactéries dan les aliments ou
boissons amlyacés et fermentés de I’ Afrique de I’Ouest: Leur utilisation actuelle.
Annales de Medecine Veterinaire 153: 54-65 (2009).

50 Kalui CM, Mathara JM and Kutima PM, Probiotic potential of spontaneously

fermented cereal based foods — A review. Afr J Biotechnol 9: 2490-2498 (2010).

38



51 Towo E, Matuschek E and Svanberg U, Fermentation and enzyme treatment of
tannin sorghum gruels: Effects on phenolic compounds, phytate and in vitro accessible
iron. Food Chem 94: 369-376 (2006).

52 Dhankher N and Chauhan BM, Effect of temperature and fermentation time on
phytic acid and polyphenol content of Rabadi — a fermented pearl millet food. J Food
Sci 52: 828-829 (1987).

53 Porter LJ, Hrstich LN and Chan BG, The conversion of procyanidins and
prodelphinidins to cyanidin and delphinidin. Phytochemistry 25: 223-230 (1986).

54 Chen Z-U, Zhu QY, Tsang D and Huang Y, Degradation of green tea catechins in tea
drinks. J Agric Food Chem 49: 477-482 (2001).

55 Beta T, Rooney LW, Marovatsanga LT and Taylor JRN, Effect of chemical
treatments on polyphenols and malt quality in sorghum. J Cereal Sci 31: 295-302
(2000).

56 Dlamini NR, Taylor JRN and Rooney LW, The effect of sorghum type and
processing on the antioxidant properties of African sorghum-based foods. Food Chem
105: 1412-1419 (2007).

57 Scalbert A, Deprez S, Mila I, Albrecht A, Huneau J and Rabot S, Proanthocyanidins
and human health: Systemic effects and local effects in the gut. BioFactor 13: 115-120
(2000).

58 Antony U and Chandra T S, Antinutrient reduction and enhancement in protein,
starch, and mineral availability in fermented flour of finger millet (Eleusine coracana).
J Agric Food Chem 46: 2578-2582 (1998).

59 Sanchez-Maldonado AF, Schieber A, Génzle MG, Structure—function relationships
of the antibacterial activity of phenolic acids and their metabolism by lactic acid

bacteria. J Appl Microbiol 111: 1176-1184 (2011).

39



60 Sekwati-Monang B, Valcheva R and Génzle MG, Microbial ecology of sorghum
sourdoughs: Effect of substrate supply and phenolic compounds on fermentation biota.
Int J Food Microbiol 159: 240-246 (2011).

61 Ziegler P, Mini review: Cereal beta-amylases. J Cereal Sci 29: 195-204 (1999).

62 Chandrasekara A, Naczk M and Shahidi F, Effect of processing on the antioxidant
activity of millet grains. Food Chem 133: 1-9 (2012).

63 Wu L, Huang Z, Qin P and Ren G, Effect of processing on phytochemical profiles
and biological activities for production of sorghum tea. Food Res Int 53: 678-685
(2013).

64 Remy S, Fulcrand H, Labarbe B, Cheynier V and Moutounet M, First confirmation
in red wine of products resulting from direct anthocyanin-tannin reactions. J Sci Food
Agric 80: 745-751 (2000).

65 Awika JM, Dykes L, Gu L, Rooney LW and Prior RL, Processing of sorghum
(Sorghum bicolor) and sorghum products alters procyanidin oligomer and polymer
distribution and content. J Agric Food Chem 51: 5516-5521 (2003).

66 Chiremba C, Taylor JRN and Duodu KG, Phenolic content, antioxidant activity, and
consumer acceptability of sorghum cookies. Cereal Chem 86: 590-594 (2009).

67 Michalska A, Amigo-Benavent M, Zielinski H and Del Castillo MD, Effect of bread
making on formation of Maillard reaction products contributing to the overall
antioxidant activity of rye bread. J Cereal Sci 48: 123-132 (2008).

68 Dewanto V, Wu X and Liu RH, Processed sweet corn has higher antioxidant activity.
J Agric Food Chem 50: 4959-4964 (2002).

69 Itagi HBN, Sathyenda Rao BVR, Jayadeep PA and Singh V, Functional and
antioxidant properties of ready-to-eat flakes from various cereals including sorghum and

millets. Qual Assur Saf Crop 4: 126-133 (2012).

40



70 Murty DS and Kumar KA, Traditional uses of sorghum and millet, in Sorghum and
Millets: Chemistry and Technology, ed. by Dendy DAV. American Association of
Cereal Chemists, St. Paul, MN, pp. 185-222 (1995).

71 Anglani C, Sorghum for human food — A review. Plant Foods Hum Nutr 52: 85-94
(1998).

72 Rooney LW and Waniska RD, 2000, Sorghum food and industrial utilization, in
Sorghum: Origin, History, Technology and Production, ed. by Smith CW and
Frederiksen RA. John Wiley & Sons, New York, pp. 689-749 (2000).

73 Taylor JRN, Schober TJ and Bean SR, Novel food and non-food uses for sorghum
and millets. J Cereal Sci 44: 252-271 (2006).

74 Taylor JRN and Taylor J, Traditional and new east and southern Africa cereal-based
foods and beverages, in The ICC Book of Ethnic Cereal-based Foods and Beverages
Across the Continents, ed. by Taylor JRN and Cracknell RL. University of Pretoria,
Pretoria, pp. 181-211 (2009).

75 Taylor JRN and Emmambux MN, Millets, in Gluten Free Cereal Products and
Beverages, ed. by Arendt E and Dal Bello F. Elsevier, London, pp. 119-148 (2008).
76 Schober, TJ and Bean, SR, Sorghum and maize, in Gluten Free Cereal Products and
Beverages, ed. by Arendt E and Dal Bello F. Elsevier, London, pp. 101-118 (2008).
77 Taylor JRN and Emmambux MN, Developments in our understanding of sorghum
polysaccharides and their health benefits. Cereal Chem 87: 263-271 (2010).

78 Zhang G and Hamaker BR, Low a-amylase digestibility of cooked sorghum flours
and effect of protein. Cereal Chem 75: 710-713 (1998).

79 Ezeogu LI, Duodu KG and Taylor JRN 2005, Effects of endosperm texture and
cooking conditions on the in vitro starch digestibility of sorghum and maize flours. J.

Cereal Sci. 42: 33-44 (2005).

41



80 Ezeogu LI, Duodu KG, Emmambux MN and Taylor JRN, Influence of cooking
conditions on the protein matrix of sorghum and maize endosperm flours. Cereal Chem
85: 397-402 (2008).

81 Lemlioglu Austin D, Turner ND, McDonough CM and Rooney LW, Effects of brans
from specialty sorghums on in vitro starch digestibility of soft and hard sorghum
endosperm porridges. Cereal Chem 89: 190-197 (2012).

82 Mkandawire NL, Kaufman RC, Bean SR, Weller CL, Jackson, DS and Rose DJ,
Effects of sorghum (Sorghum bicolor (L.) Moench) tannins on a-amylase activity and in
vitro digestibility of starch in raw and processed flours. J Agric Food Chem 61: 4448-
4454 (2013).

83 Barros F, Awika JM and Rooney LW, Interaction of tannins and other sorghum
phenolic compounds with starch and effects on in vitro starch digestibility. J Agric
Food Chem 60: 11609-11617 (2012).

84 Kim J and Park Y, Anti-diabetic effect of sorghum extract on hepatic
gluconeogenesis of streptozotocin-induced diabetic rats. Nutr Metabol 9: 106 doi:
10.1186/1743-7075-9-106 (2012).

85 Park HJ, Lee SH, Chung IM and Park Y, Sorghum extracts exerts anti-diabetic effect
by improving insulin sensitivity via PPAR-y in mice fed high-fat diet. Nutr Res Pract 6:
322-327 (2012).

86 Shobana S, Sreerama YN and Malleshi NG, Composition and enzyme inhibitory
properties of finger millet (Eleucine coracana L.) seed coat phenolics: Mode of
inhibition of a-glucosidase and a-amylase. Food Chem 115: 1268-1273 (2009).

87 Shobana S, Harsha MR, Platel K, Srinivasan K and Malleshi NG, Amelioration of
hyperglycaemia and its association by finger millet (Eleucine coracana L.) seed coat

matter in streptozotocin-induced diabetic rats. Brit J Nutr 104: 1787-1795 (2010).

42



88 Hegde PS, Rajasekaran NS and Chandra TS, Effects of antioxidant properties of
millet species on oxidative stress and glycemic status in alloxan-induced rats. Nutr Res
52:1109-1120 (2005).

89 Sireesha Y, Kasetti RB, Nabi SA, Swapna S and Apparao C, Antihyperglycemic and
hypolipidemic activities of Setaria italica seeds in STZ diabetic rats. Pathophysiol 18:
159-164 (2011).

90 Butchi Lakshmi K and Vimala V, Hypoglycemic effect of selected sorghum recipes.
Nutr Res 10: 1651-1658 (1996).

91 Chandrashekar A, Finger Millet: Eleusine coracana. Adv Food Nutr Res 59: 215-262
(2010).

92 Urooj A, Rupashri K and Puttaraj S, Glycemic responses to finger millet based
Indian preparations in non-insulin dependent diabetic and healthy subjects. J Food Sci
Technol 43: 620-625 (2006).

93 Shobana S, Ushakumari SR, Malleshi, NG and Ali SZ, Glycemic response of rice,
wheat and finger millet based diabetic food formulations in normoglycemic subjects. Int
J Food Sci Nutr 58: 363-372 (2007).

94 Shukla K and Srivastava S, Evaluation of finger millet incorporated noodles for
nutritive value and glycemic index. J Food Sci Technol (2011) doi: 10.1007/s13197-
011-0530-x.

95 Chhavi A and Sarita S, Evaluation of composite millet breads for sensory and
nutritional quality and glycemic response. Mal J Nutr 18: 89-101 (2012).

96 Anju T and Sarita S, Suitability of foxtail millet (Setaria italica) and barnyard millet
(Echinochloa frumentacea) for development of low glycemic index biscuits. Mal J Nutr

16: 361-368 (2010).

43



97 Thathola A, Srivastava S and Singh G, Effect of foxtail millet (Setaria italica)
supplementation on serum glucose, serum lipids and glycosylated haemoglobin in type
2 diabetics. Diabetologia Croatica 40: 23-28 (2011).

98 Mellen PB, Walsh TF and Herrington DM, Whole grain intake and cardiovascular
disease: A meta-analysis. Metabol Cardiovasc Disease 18: 283-290 (2008).

99 Burdette A, Garner PL, Mayer EP, Hargrove JL, Hartle DK and Greenspan P, Anti-
inflammatory activity of select sorghum (Sorghum bicolor) brans. J Med Food 13: 879-
887 (2010).

100 Shim T-J, Kim TM, Jang KC, Ko J-Y and Kim DJ, Toxicological evaluation of and
ant-inflammatory activity of a golden gelatinous sorghum bran extract. Biosci
Biotechnol Biochem 77: 697-705 (2013).

101 Park M-Y, Jang H-H, Kim JB, Yoon HN, Lee J-Y, Lee Y-M, Kim J-H and Park D-
S, Hog millet (Panicum miliaceum L.)-supplemented diet ameliorates hyperlipidemia
and hepatic lipid accumulation in C57BL/6J-ob/ob mice. Nutr Res Pract 5: 511-519
(2011).

102 Carr TP, Weller CL, Schlegel VL, Cuppett SL, Guderian DM Jr and Johnson KR,
Grain sorghum lipid extracts reduces cholesterol absorption and plasma non-HDL
cholesterol concentration in hamsters. J Nutr 135: 2236-2240 (2005).

103 Martinez I, Wallace G, Zhang C, Legge R, Benson AK, Carr TP, Moriyama EN and
Walter J, Diet-induced metabolic improvements in a hamster model of
hypercholesterolemia are strongly linked to gut microbiota. Appl Environ Microbiol 75:
4175-4184 (2009).

104 Choi Y-Y, Osada K, Ito Y, Nagasawa T, Choi M-R and Nishizawa N, Effects of

dietary protein of Korean foxtail millet on plasma adiponectin, HDL-cholesterol and

44



insulin levels in genetically type-2 diabetic mice. Biosci Biotechnol Biochem 69: 31-37
(2005).

105 Shimanuki S, Nagasawa T and Nishizawa N, Plasma HDL subfraction levels
increase in rats fed proso-millet protein concentrate. Med Sci Monitor 12: BR221-
BR226 (2006).

106 Lee SH, Chung I-M, Cha Y-S and Park Y, Millet consumption decreased serum
concentration of triglyceride and C-reactive protein but not oxidative status in
hyperlipidemic rats. Nutr Res 30: 290-296 (2010).

107 Van Rensburg SJ, Epidemiological and dietary evidence for a specific nutritional
disposition to esophageal cancer. J Natl Cancer Inst 67: 243-241 (1981).

108 Chen F, Cole P, Mi Z and Zing L-Y, Corn and wheat-flour consumption and
mortality from esophageal cancer in Shanxi, China. Int J Cancer 53: 902-906 (1993).
109 Van Rensburg SJ, Hall JM and Du Bruyn DB, Effects of various dietary staples on
esophageal carcinogenesis induced in rats by subcutaneously administered N-
nitrosomethylbenzylamine. J Natl Cancer Inst 75: 561-566 (1985).

110 Wu L, Huang Z, Qin P, Yao Y, Meng X, Zou J, Zhu K and Ren G, Chemical
characterization of a procyanidin-rich extract from sorghum bran and its effect on
oxidative stress in tumor inhibition in vivo. J Agric Food Chem 59: 8609-8615 (2011).
111 Park J-H, Darvin P, Lim EJ, Joung YH, Hong DY, Park EU, Park SH, Choi SK,
Moon E-S, Cho BW, Park KD, Lee HK, Kim M-J, Park D-S, Chung I-M and Yang YM,
Hwanggeumchal sorghum induces cell cycle arrest, and suppresses tumor growth and
metastasis through Jak2/STAT pathways in breast cancer xenografts. PLoS ONE 7:

e40531. doi:10.1371/journal.pone.0040531 (2012).

45



112 Sekwati-Monang B and Ganzle MG, Microbiological and chemical characterization
of ting, a sorghum-based sourdough product from Botswana. Int J Food Microbiol 150:
115-121 (2011).

113 Svanberg U, Sjogren E, Lorri W, Svennerholm A-M and Kaijser B, Inhibited
growth of common enteropathogenic bacteria in lactic-fermented gruels. World J
Microbiol Biotechnol 8: 601-606 (1992).

114 Kingamkono R, Sjogren E, Svanberg U and Kaijser B, Inhibition of different
strains of enteropathogens in a lactic-fermenting gruel. World J Microbiol Biotechnol
11: 664-669 (1995).115

115 Holzapfel WH and Schillinger U, Introduction to pre- and probiotics. Food Res Int
35: 109-116 (2002).

116 Schwab C, Mastrangelo M, Corsetti A and Génzle M, Formation of
oligosaccharides and polysaccharides by Lactobacillus reuteri LHT5448 and Weisella
cibaria 10M in sorghum sourdoughs. Cereal Chem 85: 679-684 (2008).

117 Farooq U, Mohsin M, Lui X and Zhang H, Enhancement of short chain fatty acid
production from millet fibres by pure cultures of probiotic fermentation. Trop J Pharm
Res 12: 189-194 (2013).

118 Turpin W, Humblot C and Guyot J-P, Genetic screening of functional properties of
lactic acid bacteria in fermented pearl millet slurry and in the metagenome of fermented
starchy foods. Appl Environment Microbiol 77: 8722-8734 (2011).

119 Pedersen LL, Owusu-Kwarteng J, Thorsen L and Jespersen L, Biodiversity and
probiotic potential of yeasts isolated from Fura, a West African spontaneously
fermented cereal. Int J Food Microbiol 15: 144-151 (2012).

120 Cleveland J, Montville TJ, Nes IF and Chikindas ML, Bacteriocins: safe, natural

antimicrobials for food preservation. Int J Food Microbiol 71: 1-20 (2001).

46



121 Rajesh D, Jayaram K and Jayaram G, Characterization of a high stable bacteriocin
from Enterococcus faecium from traditional fermented finger millet. Asian J Food
Microbiol 11: 792-802 (2009).

122 Owusu-Kwateng J, Debrah-Tano K, Akabanda F, Nielsen DS and Jespersen L,
Partial characterization of bacteriocins produced from Lactobacillus reuteri 2-20B and
Pediococcus acidilactici 0-11A isolated from fura, a millet-based fermented food in
Ghana. J Food Res 2: 50-58 (2013).

123 Adebayo CO and Adenye BI, Antifungal activity of bacteriocins of lactic acid
bacteria from Nigerian fermented foods. Res J Microbiol 5: 1070-1082 (2010).

124 Willumsen JF, Darling JC, Kitundu JA, Kingamkono RR, Msengi AE, Mduma B,
Sullivan KR and Tomkins AM, Dietary management of acute diarrhoea in children:
Effect of fermented and amylase-digested weaning foods on intestinal permeability. J
Pediat Gastroenterol Nutr 24: 235-242 (1997).

125 Lei V, Friis H and Michaelsen KM, Spontaneously fermented millet product as a
natural probiotic treatment for diarrhoea in young children: An invention study in
Northern Ghana. Int J Food Microbiol 110: 246-253 (2006).

126 Lei V and Jakobsen M, Microbiological characterization and probiotic potential of
koko and koko sour water, African spontaneously fermented millet porridge and drink. J
Appl Microbiol 96: 384-397 (2004).

127 Serna-Saldivar S and Rooney LW, Structure and chemistry of sorghum and millets,
in Sorghum and Millets: Chemistry and Technology, ed. by Dendy DAV. American
Association of Cereal Chemists, St. Paul, pp. 69-124 (1995).

128 Siwela M, Taylor JRN, De Milliano WAJ and Duodu KG, Occurrence and location
of tannins in finger millet grain and antioxidant activity of different grain types, Cereal

Chem 84: 169-174 (2007.

47



129 Woo SK, Lee JS, Ko JY, Song SB, Seo HI, Seo MC, Oh BG, Kwak DY, Ham MH,
Oh IS and Jeong HS, Antioxidant compounds and antioxidant activity of different
varieties of foxtail millet and proso millet according to cultivation time. J Korean Soc
Food Sci Nutr 41: 302-309 (2012).

130 Lestienne I, Besangon P, Caporiccio B, Lullien-Péllerin V and Tréche S, Iron and
zinc in vitro availability in pearl millet flours (Pennisetum glaucum) with varying
phytate, tannin and fiber contents. J Agric Food Chem 53: 3240-3247 (2005).

131 McDonough CM and Rooney LW, Structural characteristics of Pennisetum
americanum using scanning electron and fluorescence microscopies. Food Microstr 8:
137-149 (1989).

132 Bultosa G and Taylor JRN, Teff, in Encyclopedia of Grain Science, ed. by Wrigley
C, Corke H and Walker CE. Elsevier, London, pp. 281-290 (2004).

133 Chandkara A and Shahidi F, Determination of antioxidant activity in free and
hydrolysed fractions of millet grains and characterization of their phenolic profiles by
HPLC-ESI-MS". J Functional Foods 3: 144-158 (2011).

134 Salawu SO, Bester MJ and Duodu KG, Phenolic composition and bioactive
properties of cell wall preparations and whole grains of selected cereals and legumes. J
Food Biochem doi: 10.1111/jfbc.12026 (2013).

135 Awika JM, Rooney LW, Waniska RD, Properties of 3-deoxyanthocyanins from
sorghum. J Agric Food Chem 52: 4388-4394 (2004).

136 Hwang KT, Weller CL, Cuppett SL and Hanna MA, Policosanol contents and
composition of grain sorghum kernels and dried distillers grains. Cereal Chem 81: 345-

349 (2004).

48



137 Farrar JL, Hartle DK, Hargrove JL and Greenspan P, A novel nutraceutical property
of select sorghum (Sorghum bicolor) brans: Inhibition of protein glycation. Phytother
Res 22: 1052-1056 (2008).

138 Buitimea-Cantda NE, Torres-Chavez PI, Ledesma-Osuna Al, Ramirez-Wong B,
Robles-Sanchez RM and Serna-Saldivar SO, Effect of defatting and decortication on
distribution of fatty acids, phenolic and antioxidant compounds in sorghum (Sorghum
bicolor) bran fractions. Int J Food Sci Tech 48: 2166-2175 (2013).

139 Mohamed EA, Ali NA, Ahmed SH, Ahmed IAM and Babiker EE, Effect of
radiation process on antinutrients and HCI extractability of calcium, phosphorus and
iron during processing and storage. Radiat Phys Chem 79: 791-796 (2010).

140 Chandrasekara A and Shahidi F, Bioactivities and antiradical properties of millet
grains and hulls. J Agric Food Chem 59: 9563-9571 (2011).

141 Chethan S and Malleshi NG, Finger millet polyphenols: Optimization of extraction
and the effect of pH on their stability. Food Chem 105: 862-870 (2007).

142 Shobana S and Malleshi NG, Preparation and functional properties of decorticated
finger millet. J Food Eng 79: 529-538 (2007).

143 Viswanath V, Urooj A and Malleshi NG, Evaluation of antioxidant and
antimicrobial properties of finger millet polyphenols (Eleusine coracana) Food Chem
114: 340-346 (2009).

144 Bvochora JM, Danner H, Miyafuji H, Braun R and Zvauya R, Variation of sorghum
phenolic compounds during the preparation of opaque beer. Process Biochem 40: 1207-
1213 (2005).

145 Osman MA, Changes in sorghum enzyme inhibitors, phytic acid, tannins and in
vitro protein digestibility occurring during Khamir (local bread) fermentation. Food

Chem 88: 129-134 (2004).

49



46 El-Hag ME, El-Tinay AH and Yousif NE, Effect of fermentation and dehulling on

tarch, total polyphenols, phytic acid content and in vitro protein digestibility of pearl
illet. Food Chem 77: 193-196 (2002).

47 Svensson L, Sekwati-Monang B, Lopes Lutz D, Schieber A and Ganzle MG,
henolic acids and flavonoids in nonfermented and fermented red sorghum (Sorghum
icolor (L.) Moench). J Agric Food Chem 58: 9214-9220 (2010).

48 Aruoma Ol, Free radicals, oxidative stress, and antioxidants in human health and
isease. J Am Qil Chem Soc 75: 199-212 (1998).

49 Grassi D, Desideri G and Ferri C, Flavonoids: Antioxidants against atherosclerosis.
utrients 2: 889-902 (2010).

50 Belodrajdic DP and Bird AR, The potential role of phytochemicals in wholegrain

ereals for the prevention of type-2 diabetes. Nutr J 12: 62 (2013).

50





