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In vitro digestions were performed on pearl millet flours with decreased phytate contents and on two
dephytinized or nondephytinized pearl millet grain fractions, a decorticated fraction, and a bran fraction
with low and high fiber and tannin contents, respectively. Insoluble residues of these digestions were
then incubated with buffer or enzymatic solutions (xylanases and/or phytases), and the quantities of
indigestible iron and zinc released by these different treatments were determined. In decorticated
pearl millet grain, iron was chelated by phytates and by insoluble fibers, whereas zinc was almost
exclusively chelated by phytates. In the bran of pearl millet grain, a high proportion of iron was chelated
by iron-binding phenolic compounds, while the rest of iron as well as the majority of zinc were chelated
in complexes between phytates and fibers. The low effect of phytase action on iron and zinc solubility
of bran of pearl millet grain shows that, in the case of high fiber and tannin contents, the chelating
effect of these compounds was higher than that of phytates.
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INTRODUCTION and phytates that are able to chelate minerals and result in-fiber

The bioavailability of a mineral is defined as the proportion Phytate—mineral complexes. In addition, ANF, in particular
of the total amount of the mineral in a food, meal, or diet that Phytates §) and condensed tannin§)( are known for their
is actually utilized to ensure normal metabolic functions. To @Pility to complex proteins. Phytates are complexed with
be in the form that is available for absorption by enterocytes, Proteins either directly if the pH is lower than the isoelectric
the mineral must first be solubilized in the digestive tract, which PH of proteins or indirectly by the means of a cation if the pH
is influenced by different dietary and physiological factors. In 1S higher. Thus, phytates can create different types of complexes
cereal- and legume-based foods, the availability of iron and zinc déPending upon the pH. However, this effect of pH on the nature
for absorption is limited by the presence of antinutritional factors Of complexes has not been highlighted for tarfgmotein or
(ANF) in the grains. Phytates, tannins, and certain insoluble {@nnin—mineral—protein complexes.
fibers are the main compounds that can interact with iron and/  Because of (i) the low iron and zinc bioavailability in cereal-
or zinc ions (, 2). The presence of negatively charged groups based foods and (ii) the importance of pearl millet consumption
on these molecules results in the creation of mostly insoluble in Sahelian Africa, we studied the iron and zifit zitro
complexes with divalent cations, which means that they can no availability in pearl millet flours with varying phytate, tannin,
longer be absorbed during intestinal digestion. These complexesand fiber contents in a previous investigation (7). We showed
can be made from two or more compounds, either simple - ANF that the total degradation of phytates made it possible to double
mineral complexes or complexes involving certain ANF that iron and zincin vitro availability of raw pearl millet flour but
already interact among themselves or with other compounds ofdid not have any effect on iron and ziirczitro availability of
the matrix. For instance, in his review, Reddy reported that most bran of pearl millet grains. Given that hulls of pearl millet grain
phytates were associated with fibers in cereal gra®sThe are particularly rich in tannins, fibers, and minerals, the
latest definition of fibers given by the French agency for food bioavailability of iron and zinc in bran was probably reduced
sanitary security (AFSSA) includes phytates as one of their by the presence of complexes between these compounds.
constituents4). Thus, there are some complexes between fibers  The aim of the present study was to try to identify the nature
of the complexes between antinutritional factors and iron and
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Raw pearl millet grains A more detailed description of the sample preparation as well
‘ . as total iron and zinc contents of the samples and their iron
[ Abrsive decorication_| and zincin sitro digestibility are given in a previous papé)(
| l l The antinutritional factor contents of these samples are listed
MR I Decorticated Bran in Table 1.
/ fraction fraction Analytical Methods. Acid and Neutral Detergent FibeAcid
T R—— and neutral detergent fiber contents were determined according

Phytate degradation by
endogenous phytases

Total IP6 degradation by to the gravimetric methods of van Soe8) and van Soest and

| | endogenous and exogenous Wine (9) using a Dosi-fiber (Selecta, Barcelona, Spain). These
phytases (3.5 h)

endogenous and
exogenous phytases

measurements correspond approximately to the determination
th | [ 350 | [ 1n | 35n | I ] " .
of cellulose and lignin content for ADF and of cellulose, lignin,
l l l l Dephytinized Dephytinized and hemicellulose content for NDF, which are the most likely
S End. G T v sl compounds of fiber to chelate minerals
phytases phytases phytases phytases fraction fraction p o ) . )
(1h) (3:5h) (1h) (3:5h) . R Iron-Binding Phenolic Compoundl.ron-b[ndmg phenolic
e B fractions with low and high compound content was determined according to the method of
with decreased phytate content EOD R TR S Brune et al. (10) using a ferric ammonium sulfate reagent that

enabled the measurement of galloyl (expressed as tannic acid
equivalents) and catechol group contents (expressed as catechin
afterin vitro digestion (i) of pearl millet flour with decreased equivalents) at two wavelengths (578 and 680 nm, respectively).
phytate contents and (ii) of two pearl millet grain fractions with Phytate. Phytate content was estimated by determination of
low or high tannin and fiber contents, after total phytate myo-inositol hexaphosphate (IP6) content obtained by anion-

Figure 1. Sample preparation and momenclature.

degradation or not. exchange HPLC separation using the method described by
Lestienne et al.q), after phytate extraction according to the
MATERIALS AND METHODS method of Talamond et al. (11).

Materials. Two kinds of samples were used (i) samples with Totall Iron and lenc.TotaI iron and zinc contents were
different levels of phytates obtained after incubation of raw pearl determined by atomic absorption spectrophotometry (SpectrAA
millet flour with buffer (action of endogenous phytases) or with 200, Varian, Victoria, Australia) after dry ashing as described
exogenous phytase preparation (action of endogenous andPy Laporte et al.12).
exogenous phytases) and (ii) dephytinized or nondephytinized Estimation of Iron and Zinc in Vitro Aailability. In zitro
samples with low and high fiber and tannin contents: a availability of iron and zinc was estimated by their digestibility
decorticated grain fraction (low fiber and tannin contents) and under simulated physiological conditions using a method based
a bran fraction made of peripheral parts of grain (high fiber on the one proposed by Lonnerdal et &B)(with modifications.
and tannin contentsfrigure 1 summarizes their preparation as  Gastric digestion (pepsin, HCI) was performed at pH 2 for 1 h
well as their nomenclature. followed by intestinal digestion (pancreatin and bile extract) at

Samples with decreased phytate contents were obtained bypH 7 for 2 h, and the mixtures were then centrifuged at 1000
incubating raw pearl millet flour in 0.1 M acetate buffer at pH for 30 min at 4°C (7). The supernatants were analyzed using
5.0 (1/2, p/p), with or without exogenous phytases, for a short atomic absorption spectrophotometipj forin vitro available
(1 h) or long (3.5 h) period, at 37C under low shaking (60  iron and zinc, including soluble-free ionizable iron and zinc and
rpm) in an incubator (New Brunswick Scientific Co., Inc., Soluble complexes of iron and zinc, i.e., iron and zinc that have
Edison, NJ). Two different exogenous phytases were used, oneundergone the first essential but not sufficient step to become
plant phytase from wheat (Sigma, P-1259) at 144 units/L (1.1 available for absorption.
units/g of pearl millet flour or grain fractions) and one microbial Treatments of the Insoluble Residues oifh Vitro Digestion.
phytase fromAspergillus ficuun{Sigma, P-9792) at 516 units/L  To identify the factors responsible for inhibiting intestinal
(3.9 units/g of pearl millet flour or grain fractions). At the end absorption of iron and zinc, the insolubie vitro digestion

of the incubation period, the mixtures were cooled t&4and residues were incubated with phytate- and/or fiber-degrading
centrifuged at 2600¢pr 15 min. The pellets were then freeze- enzymes. This method was inspired by the study of Hocquellet
dried and milled with a laboratory pestle and mortar. and L'Hotelier (14) with several modifications.

Table 1. Phytate (IP6, g/100 g of DM), Tannin (Iron-Binding Phenolic Compounds, Galloyl and Catechol Groups, g of Tannic Acid, and Catechin
€q/100 g of DM) and Fiber (ADF and NDF, g/100 g of DM) Contents? of Pearl Millet Flours and Grain Fractions

pearl millet flours

and grain fractions phytates? tannins? ADF fibers NDF fibers
raw 0.592 +0.032 b 0.602+0.011b 3.08+0.28¢ 6.22+0.17f
endogenous phytases (1 h) 0.296 +0.006 d (-50) 0.464 +0.010 ¢ (—23) 251+0.23de 7.48+0.08d
endogenous phytases (3.5 h) 0.084 +0.006 f (—86) 0.368 +0.008 e (—39) 2.72+£0.04d 8.36£0.36 ¢
exogenous phytases (1 h) 0.118 + 0.008 e (—80) 0.258 £ 0.022 f (-57) 2.23+£0.06¢e 6.82+£0.04¢e
exogenous phytases (3.5 h) 0.008 + 0.000 g (—-99) 0.140 £ 0.013 g (-77) 2.18+0.07e 6.86+£0.15¢
decorticated fraction 0.633+£0.021a 0.361+0.01e 1.80+£0.30f 3.04+£039¢g
dephytinized decorticated fraction 0.002 + 0.000 g (~100) 0.117 £0.01 h (-70) 131+011g 3.14+0.13¢g
bran fraction 0.409+0.019¢c 1.427+0.03a 5.16+0.39b 19.05+0.21b
dephytinized bran fraction 0.000 + 0.000 g (—100) 0.392+0.01d (-73) 6.54+0.07a 2291+0.34a

2Values are means + SD of three measurements. Values with no common letters in the same column are significantly different (p < 0.05) as assessed by Duncan’s
multiple range test. ®Values in parentheses are the percentages of reduction in phytate or tannin contents because of treatments with endogenous or endogenous and
exogenous phytases.
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Sample having or not undergone phytate degradation A — Total iron and
before in vitro digestion * ™ zinc 50

|.@.® @.Cr)

c
Gastro-intestinal digestion B

T 2 30

| Centrifugation at 10000g, 4°C for 30 min | 2 2
w

¢ $ ¢ ¢ B - Digestible iron ® 20

| Determination of iron and zinc in the supematants |" and zinc 15

Recovery of insoluble digestion residues (pellets)

5 : '
O H® ©, © ° '
Raw End. phytases End. phytases Ex. phytases Ex. phytases

| S : - : (1h) (3.5h) (1h) (3.5 h)
Solubilization and incubation for 16 h at 37°C with: |
| 1 | | I | | | I 0 Acetate buffer [ ¥ylanases o Phytases m ¥ylanases and phytases
Buffer Xylanases Phytases Xylanases ’ - N . . .
| 1 phytases Figure 3. Solubility of indigestible iron (%) of pearl millet flours after

I

| Gentrifugation at 10 000g, 4°C for 30 min |

. . ' .

treatment of insoluble digestion residues with acetate buffer, xylanases,
phytases, or xylanases in combination with phytases. The flours had

[ Detormination ofron and zinc i the supematants et decreased phytate contents because of the action of endogenous or
treatments exogenous phytases. Values are means of solubility = SD calculated from

digestible and released quantities of iron determined after three replications
of each treatment.

were calculated according to the following equation:

Solution of xylanases (Fluka, 95595) at 12000 units/L (120 . on) —
units/g of sample), solution of phytases frémpergillus ficuum solubility H (%)
(Sigma, P 9792) and from wheat (Sigma, P 1259) at 516 units/L
(5.16 units/g of sample) and 144 units/L (1.44 units/g of sample),

Figure 2. Experimental protocol. *For the totally dephytinized samples,
only the treatments with buffer and xylanase solution were carried out.

guantity of iron (or zinc) released by a treatment

afterin vitro digestion of 2 g of sample (C) 100

respectively, and solution of xylanases and phytases (containing iré%t?loﬂg%rét)i%%f 5 lﬂ%@}htitg ?firog(or fZi”C) |
the same quantities of enzyme as the preceding enzyme of sample (A) 9 S(c:i)uurirllglgzi(ra\ viti}%rrzjiggs%oia(lrg €

solutions) were prepared in 0.1 M acetate buffer at pH 5.0. These
solutions were prepared immediately before use and wereH solubilities are shown in the histograms.

agitated with resin Chelex-100 (Bio-Rad, 142-2842) to remove  The solubility rates shown in the tables, taking into account
cations and filtered on ashless Whatman filter number 41. All the effect of the treatment applied to the residue as well as that
of the experiments were performed in a period of 3 months to of thein vitro gastrointestinal digestion that preceded it, were
limit the loss of enzyme activity because of the storage. The calculated according to the following equation:

different treatments applied to the insolulitevitro digestion solubility T (%) =

residues of a sample are summarizedrigure 2. quantity of iron (or zinc) quantity of iron (or zinc)
A total of 12 independent gastrointestinal digestions were solubilized from 2 g of , released by a treatment

carried out per sample to obtain 12 insoluble residues on which  sample duringn vitro afterin vitro digestion of

three replications of each of the four different treatments were digestion (B) 2 g of sample (C)
carried out: incubation in 0.1 M acetate buffer at pH 5.0 without total quantity of iron (or zinc) in 2 g of sample (A)X
the enzyme, in xylanase solution, phytase solution, or xylanase 100

and phytase solution. Each residue, obtainechfog of sample,

was solubilized in 20 mL of solution. After homogenization, T solubilities are shown in the tables.

the mixtures were incubated under magnetic stirring (100 rpm)  Analyses of variance (one-way ANOVA) were carried out
in a shaking water bath at 3T for 16 h. Suspensions were  Wwith Statgraphics Plus version 5.0 using Duncan’s multiple range
then centrifuged at 100@Gor 30 min at 4°C. The supernatants  test to separate means of solubility presented in the tables with
were recovered in silica caps to determine the quantities of iron the significance of differences at the 5% level.

and zinc released by each treatment using atomic absorption

spectrophotometry (12). RESULTS AND DISCUSSION

~ Expression of Results and Statistical AnalysisThe quanti- Effects of the Different Antinutritional Factors on Iron

ties of iron and zinc: total (A), digestible (B), and released by go|ypility. Effects of Phytatesn insoluble residues of raw pearl

the different treatments (C) were expressed as percentages ofyjliet flour, degradation of fibers or phytates did not release

dry matter Figure 2). The data presented are means of solubility more jron than the treatment with buffefigure 3). On the

+ standard deviation (SD) determined after three replications other hand, simultaneous action of xylanases and phytases made

of each treatment and calculated from the quantities of releasedj possible to release approximately 20% units more iron than

Iron or zinc. that released with the treatment without enzymes. Thus, only
The results are presented in two ways: (i) histograms the simultaneous degradation of fibers and phytates allowed the

representing iron or zinc solubility of insoluble residues after solubilization of some iron, which indicates that part of the

the different treatments and (i) tables giving iron or zinc indigestible iron is linked to fiber—phytate complexes.

solubility after the cumulated effect @i vitro gastrointestinal In samples with decreased phytate contents after the action

digestion and treatment of the insoluble residues. of endogenous phytases (endogenous phytases), degradation of
The solubility rates shown in the histograms, taking into fibers or phytates allowed solubilization of about 12% units more

account the effect of each treatment applied to insoluble residuesjron than that solubilized by treatment with buffer, while
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Table 2. Solubility of Iron (%) after Gastrointestinal Digestion and Treatment of Insoluble Residues of Pearl Millet Flours with Decreased Phytate
Contents?

digestion + digestion + digestion + digestion +
pearl millet flours buffer xylanases phytases xylanases and phytases
raw 244+16b 249+24c 242+08b 427+23c¢
endogenous phytases (1 h) 323+37a 420+24a 402+22a 582+25a
endogenous phytases (3.5 h) 268+0.7b 376+23b 36.8+14a 531+31b
exogenous phytases (1 h) 244+17b 376+0.7b 36.4+31la 384+28¢
exogenous phytases (3.5 h) 262+4.2b 342+12b

@Values are means of solubility + SD calculated from the sum of quantities of digestible (three digestions) and released iron (three replications of each treatment applied
to insoluble digestion residues). Values with no common letters in the same column are significantly different (p < 0.05) as assessed by Duncan’'s multiple range test.

simultaneous action of the two enzymes led to the release of 0

20% units more iron. The degradation of phytates beforétro 60
digestion consequently facilitated iron solubilization by phytases 50
and/or xylanases.

With regard to samples with reduced phytate contents after
the action of endogenous and exogenous phytases (exogenou
phytases), degradation of fibers or phytates allowed solubili-
zation of a larger quantity of iron than treatment with buffer,
but simultaneous action of the two enzymes did not allow the 10
release of additional iron. Thus, it is possible that exogenous 0 -
phytases are involved in the formation of complexes with iron, Decorticated fraction Bran fraction
which would then not be released by either action of xylanases
or phytases.

Results of the total solubility of iron after the cumulated effect
of in uitro digestion (B) and treatment of insoluble residues
(C) also showed inhibition of iron solubilization in samples
treated with exogenous phytases befareitro digestion Table
2). Indeed, the proportions of iron solubilized after digestion
and treatment with xylanases were lower in samples treated with g
exogenous phytases (38 and 34% for samples incubated for 1
and 3.5 h, respectively) than for the other pearl millet flours, 50 1

40
30

% soluble iron

O Acetate buffer @ Xylanases @ Phytases m Xylanases and phytases

Figure 4. Solubility of indigestible iron (%) of pearl millet grain fractions
with low (decorticated fraction) and high (bran fraction) fiber and tannin
contents after treatment of insoluble digestion residues. Values are means
of solubility + SD calculated from digestible and released quantities of
iron determined after three replications of each treatment.

after in vitro digestion and treatment with xylanases and § 401
phytases (between 43 and 58%). &

In short, about 43% of iron in raw pearl millet flour was % 30
solubilized afterin vitro digestion and simultaneous action of a‘; 20 |

xylanases and phytases, against about 24% after action of only

one of the two enzymes. Thus, a high proportion of iron in pearl 10 +
millet flour seems to be linked to fibeiphytate complexes.

Partial phytate degradation by action of endogenous phytases

Dephytinized decorticated Dephytinized bran fraction

beforein vitro digestion increased the proportion of iron that fracton
can be solubilized. On the other hand, treatment of pearl millet
flour by addition of exogenous phytases beforeitro digestion 0 Acetate buffer @ Xylanases

decreased the proportion of iron that can be solubilized, probably Figure 5. Solubility of indigestible iron (%) of dephytinized pearl millet
because of interactions between added proteins and othefrain fractions after treatment of insoluble digestion residues. Values are
compounds of the matrix likely to chelate iron. means of solubility + SD calculated from digestible and released quantities
Effects of Fibers and TanninAction of xylanases or phytases  of iron determined after three replications of each treatment.
on insoluble digestion residues of the decorticated fraction
(Figure 4) caused more iron to be released than treatment Thus, it appears that there is no great difference in the nature
without enzymes (approximately 16% units of additional soluble of the iron-containing complexes present in pearl millet deco-
iron). Concerning residues of the bran fraction, there was also rticated grains and bran, because, in both fractions, iron mainly
a significant increase in iron solubility (< 0.05) after action appears to be rendered insoluble by complexes in which both
of xylanases or phytases but to a lesser extent (less than 3%phytates and fibers play a role.
units). Simultaneous action of the two enzymes led to the release  When looking at the sum of digestible iron (B) and iron
of more than 20 and 15% units of additional iron for residues released from insoluble residues (C), simultaneous action of
of decorticated and bran fractions, respectively. xylanases and phytases allowed solubilization of 61 and 36%
These results are comparable with those obtained on residue®f iron for the decorticated and bran fractions, respectively
of dephytinized fractionsHigure 5), because, in both fractions, (Table 3). These results are similar to those obtained after
the quantities of iron released by treatment with buffer were treatment of dephytinized decorticated and bran fractions with
very low, whereas the action of xylanases led to the release ofxylanases (66 and 35%, respectively). The marked difference
more than 40 and 20% units of iron for the decorticated and in iron solubility between the decorticated and bran fraction
bran fractions, respectively. after these treatments is probably due to the fact that the iron-
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Table 3. Solubility of Iron (%) after Gastro-intestinal Digestion and Treatment of Insoluble Residues of Nondephytinized and Dephytinized Pearl
Millet Grain Fractions?

digestion + digestion + digestion + digestion +
pearl millet grain fractions buffer xylanases phytases xylanases and phytases
decorticated fraction 26.1+23b 416+25b 376+37a 60.8+55a
bran fraction 214+30b 238+18d 235+16b 357+£33b
dephytinized decorticated fraction 432+17a 66.2+04a
dephytinized bran fraction 21.0+38b 349+14c

@ Values are means of solubility + SD calculated from the sum of quantities of digestible (three digestions) and released iron (three replications of each treatment applied
to insoluble digestion residues). Values with no common letters in the same column are significantly different (p < 0.05) as assessed by Duncan’s multiple range test.

90 different treatments. This can be attributed to the stronger

hydrolysis of phytate molecules that decreased from 6 or 5
phosphates to less than 5 phosphates (IP4, IP3, IP2, and IP1),
which, according to Lonnerdal et akX), does not appear to
have any negative effect on zinc bioavailability.

Furthermore, in samples with decreased phytate contents
(endogenous and exogenous phytases), treatment with xylanases
allowed slightly more zinc to be solubilized than the treatment
with buffer. It thus seems that fibers play a role in the chelation
of zinc in pearl millet flour and that this minor role was
detectable only when the majority of phytates was degraded.

The values for total zinc solubility after the combined action
Raw End. phytases End. phytases Ex. phytases Ex. phytases . . . . . .
(1h) (3.5 h) (h @3.5h) of in vitro digestion and treatment of insoluble residu€ake
4) allow the effects of phytates related to fibers to be put into
perspective. Thus, when phytates were partially degraded by
endogenous phytases befamevitro digestion, the percentages
of soluble zinc after digestion and incubation with buffer
increased from 42 to 47 and 59% for samples containing 0.59,
0.30, and 0.08 g of IP6/100 g of DM, respectively (Table 1).
Furthermore, after the action of xylanases, the solubility of zinc
in samples with decreased phytate contents because of the action
of endogenous phytases befamevitro digestion (endogenous
n phytases) increased from 47 to 56% for flour incubated for 1 h

fraction than in the decorticated fraction (1.43 versus 0.36 g/100 arjd from 59 to 65% for floqr mcubate_d for 3.5 h revealing the
g of DM). Indeed, some studies have already shown that someSllghtly ”ega“f’e effect of flbe_rs on zinc solu_blllty.
phenolic compounds were involved in the reduction of iron ~ Effects of Fibers and TanninSeparate action of xylanases
solubility (15,16, 17, 18) and that their inhibiting effect was and _phyta_ses on |.nsoluble dlge§tlon residues of decorticated
dose-dependent (120). fraction Wlth onv fiber and tannin contents led to a greater

Enzymatic degradation of phytates and fibers enabled solu- réleéase of zincRigure 7) than treatment without enzymes 10
bilization of around 63 and 35% of iron contained in decorticated @nd-+30% units, respectively). The simultaneous action of the
and bran fractions, respectively, against only approximatgly ~ two enzymes did not allow more zinc to be released than the
after action of one of the two enzymes (around 40 and 23% for action of single phytases. Concerning the bran fraction with high
decorticated and bran fractions, respectively). The results of thefiber and tannin contents, the action of xylanases did not lead
study of these fractions tend to confirm the presence of fiber 0 additional zinc solubilization compared.to the treatment
phytate—iron complexes in pearl millet grain and also indicate Without enzymes. On the other hand, the action of phytases and
the presence of tanniriron complexes that render insoluble the simultaneous action of the two enzymes allowed about 8
the majority Of iron Contained in the bran Of pearl m|”et grains_ and 25% units Of add|t|0nal zinc to be SO|ubI|Ized, I‘eSpeCtlve|y,

Effects of the Different Antinutritional Factors on Zinc in comparison with treatment without enzymes. These results
Solubility. Effects of Phytatesn insoluble residues of raw pearl ~ indicate that the nature of the complexes between zinc and
millet flour (Figure 6), degradation of fibers did not allow the antinutritional factors is probably not the same in decorticated
release of more zinc than the treatment with buffer. On the other and bran fractions of pearl millet grains. Zinc from decorticated
hand, phytate degradation allowed the release of about 14% unitgrains is probably mainly chelated by phytates and only slightly
more zinc than that released by the treatment with buffer, while by fibers, whereas that of bran is probably mainly linked to
simultaneous action of xylanases and phytases did not lead tofiber—phytate complexes.
an additional release of zinc compared to the action of the single These conclusions on the nature of the complexes were also
phytases. It thus appears that phytates are responsible for thebtained in the dephytinized fractioRigure 8), with a majority
inhibition of zinc solubilization. of phytate—zinc complexes and a low proportion of fibeinc

The study of pearl millet flours that underwent a reduction complexes, although the quantities of solubilized zinc were
in phytate content befori@ vitro digestion confirmed this first  different. Indeed, in the dephytinized decorticated fraction, all
result. In samples whose phytate contents were reduced by actiorof the zinc was released by the action of phytases followed by
of endogenous phytases, the greater the degree of phytatéhat of xylanases, whereas about 40% of the zinc remained
degradation, the greater the quantities of zinc released by theinsoluble in the case of simultaneous action of the two enzymes

80
70
60
50

40

% soluble zinc

30

20

o Acetate buffer @ Xylanases @ Phytases  m Xylanases and phytases

Figure 6. Solubility of indigestible zinc (%) of pearl millet flours after
treatment of insoluble digestion residues with acetate buffer, xylanases,
phytases, or xylanases in combination with phytases. The flours had
decreased phytate contents because of the action of endogenous or
exogenous phytases. Values are means of solubility + SD calculated from
digestible and released quantities of zinc determined after three replications
of each treatment.

binding phenolic compound content is much greater in the bral
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Table 4. Solubility of Zinc (%) after Gastrointestinal Digestion and Treatment of Insoluble Residues of Pearl Millet Flours with Decreased Phytate

Contents?
digestion + digestion + digestion + digestion +
pearl millet flours buffer xylanases phytases xylanases and phytases

raw 422+14c 411+17¢ 543+14b 51.1+£3.3d
endogenous phytases (1 h) 470+3.4bc 56.0+1.3b 708+22a 69.6+15¢c
endogenous phytases (3.5 h) 585+25a 648+28a 727+42a 752+35b
exogenous phytases (1 h) 512+53b 659+49a 64.7+69a 832+t2la
exogenous phytases (3.5 h) 625+21a 66.6+24a

@Values are means of solubility + SD calculated from the sum of quantities of digestible (three digestions) and released zinc (three replications of each treatment applied
to insoluble digestion residues). Values with no common letters in the same column are significantly different (p < 0.05) as assessed by Duncan’s multiple range test.
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Figure 7. Solubility of indigestible zinc (%) of pearl millet grain fractions
with low (decorticated fraction) and high (bran fraction) fiber and tannin
contents after treatment of insoluble digestion residues. Values are means
of solubility + SD calculated from digestible and released quantities of
zinc determined after three replications of each treatment.
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Figure 8. Solubility of indigestible zinc (%) of dephytinized pearl millet
grain fractions after treatment of insoluble digestion residues. Values are
means of solubility £ SD calculated from digestible and released quantities
of zinc determined after three replications of each treatment.

@ Xylanases

on the dephytinized fraction. This result is similar to the results
previously obtained on pearl millet flourEigure 6), showing

that the greater the degree of phytate degradation befeigo
digestion, the greater the quantity of zinc released by the
different treatments. This could be explained by the major role
of IP5 and possibly of IP4 in zinc complexation by phytates
(22, 23). Conversely, in the bran fraction, the proportion of
soluble zinc after the action of xylanases on residues of the
dephytinized fraction was lower than with the simultaneous
action by xylanases and phytases on those of the nondephyti-
nized fraction (about 40 versus 60%). This indicates that, like
iron, zinc in the bran of pearl millet grain is probably linked to
fiber—phytate complexes whose hydrolysis necessitates com-
bined action of xylanases and phytases.

If we consider the data inrable 5, which shows total
solubility afterin vitro digestion and treatment of insoluble
residues, we can also assume the presence of other complexes
in the bran of pearl millet grains. Indeed, a maximum of only
69% of zinc from bran fractions was released by the different
treatments, against 100% from the dephytinized decorticated
fractions. This could be due to tanri@inc or proteir-zinc
complexes in the bran of pearl millet grains. To our knowledge,
these kinds of complexes have not yet been mentioned in the
literature, but our results tend to prove their existence. The lack
of information on these possible complexes can be explained
by the fact that the particularly strong phytate contribution to
low zinc bioavailability probably masks these interactions
between zinc and other chelator compounds in food matrixes.

Thus, single enzymatic degradation of phytates from deco-
rticated pearl millet grains allowed solubilization from 64 to
92% of zinc depending upon the treatment, which confirms the
major contribution of phytates to low zinc bioavailability in
cereal-based food. However, the study of the bran fraction
revealed that single phytate degradation did not enable an
increase in zinc solubility, which indicates the presence of other
complexes. Zinc in pearl millet grain hulls is thus probably partly
linked to fiber—phytate complexes, and it is also possible that
zinc is partially chelated by some tannins or proteins of the
matrix, which requires further study.

In summary, the iron in pearl millet flour was mainly chelated
by complexes involving both fibers and phytates, so that this

Table 5. Solubility of Zinc (%) after Gastrointestinal Digestion and Treatment of Insoluble Residues of Nondephytinized and Dephytinized Pearl Millet

Grain Fractions?

digestion + digestion + digestion + digestion +
pearl millet grain fractions buffer xylanases phytases Xxylanases and phytases
decorticated fraction 38.7+£23c 472+18¢ 642+25a 60.0+£0.3b
bran fraction 496+14Db 462+22c¢C 55.7+1.0b 689+25a
dephytinized decorticated fraction 915+10a 100.3+1.0a
dephytinized bran fraction 512+15b 552+24b

@Values are means of solubility + SD calculated from the sum of quantities of digestible (three digestions) and released zinc (three replications of each treatment applied
to insoluble digestion residues). Values with no common letters in the same column are significantly different (p < 0.05) as assessed by Duncan’'s multiple range test.
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iron was solubilized by simultaneous action of xylanases and
phytases. However, in the bran of pearl millet grains that contain
high fiber, tannin, and also iron contents, the majority of iron

appeared to be chelated by tannins (iron-binding phenolic

compounds). Thus, phytates, fibers, and tannins alike decrease

the bioavailability of iron in pearl millet flour.
Concerning the zinc of pearl millet flour, it was mainly linked

to phytates and the greater the degree of phytate degradation

beforein vitro digestion, the greater the quantity of zinc released.

Furthermore, fibers and probably also tannins or some proteins

could be involved in the formation of complexes with zinc in
the bran of pearl millet grains. Some lower inositol phosphate
resulting from phytate hydrolysis (IP5 and IP4) appears to
contribute to a considerable extent to low zinc bioavailability
in pearl millet flour. It would be useful to verify this hypothesis
by determining the residual contents in these degradation
compounds at the different steps of our experimental protocol.

ABBREVIATIONS USED

ADF, acid detergent fiber; DM, dry matter; IP6, IP5, myo
inositol 6-phosphatenyacinositol 5-phosphate, ...; NDF, neutral
detergent fiber; SD, standard deviation.
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