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ABSTRACT 

The objective of this study was to determine whether near 

infrared reflectance spectroscopy (NIRS) could be effectively 

used to determine the protein and tannin content of sorghum. In 

addition, tannin content of whole and progressively dehulled 

sorghum grain was predicted using NIRS. 

The protein content of sorghum grain grown in 1983/84 and 

1984/85 was analyzed by the Kjeldahl method and ranged from 7.4 

to 16.7% and 8.4 to 15.1%, respectively. Tannin content was 

analyzed using five different methods; vanillin hydrochloric acid 

assay with an extraction time of 24 hr (V-HCl/24 hr), V-HCl/20 

min, modified vanillin hydrochloric acid assay with an extraction 

time of 24 hr (MV-HCl/24 hr), MV-HCl/20 min, and Prussian blue 

assay with an extraction time of 10 min (PB/10 min). The 

correlation coefficients between the methods for tannin analysis 

ranged from 0.94 to 0.99. 

Protein content of sorghum grain was predicted with 

reasonable accuracy using NIRS. The standard error of prediction 

corrected for machine bias (SEPc) 0. 43%, ratio of range/SEPc 

(20. 8), and correlation coefficient (r) between the protein 

content analyzed by the Kjeldahl method and protein content 

predicted by NIRS was 0.99 (p < 0.01, n = 28) for the 1983/84 

crop year; while the values for the 1984/85 crop year were SEPc 

(0.28%), ratio of range/SEPc (16.5) and r = 0.99 (p < 0.01, n = 

20) . It was found that when the 1983/84 prediction equation was 

used to predict protein content in the 1984/85 crop year the SEPc 

was 0.35%, range/SEPc was 13.8, and r was 0.98 (p < 0.01, n = 20) 
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while when the 1984/85 prediction equation was applied to the 

sorghum lines grown in 1983/84 the SEPc was 0.75%, range/SEPc was 

12.4 and r was 0.99 (p < 0.01, n = 28). 

The SEPc and range/SEPc for the whole sorghum grain was 3.54% 

and 2.82, respectively. The correlation coefficient (0.66, p < 

0.01, n 20) between the V-HCl/24 hr assay and the NIRS method 

was low but significant. The technique appears not to be suitable 

for tannin analysis in whole sorghum grain. The correlation 

coefficient between tannin values obtained by five different 

assays and the NIRS method were 0.93, 0.91, 0.91, 0.86 and 0.86 

for the V-HCl/24 hr, V-HCl/20 min, MV-HCl/24 hr, MV-HCl/20 min 

and PB/10 min, respectively; the SEPc were 1.44, 1.09, 0.67, 0.86 

and 0.16% while the range/SEPc were 6.72, 6.74, 10.0, 9.84 and 

7.75, respectively. The tannin content of sorghum lines with a 

narrow range of tannin (0 to 5%) was poorly predicted by NIRS 

with a correlation coefficient of 0.61 (p < 0.01, n = 20). The 

SEPc and range/SEPc was 1.32% and 3.55, respectively. 

Tannin content of two progressively dehulled sorghum lines 

was predicted with reasonable accuracy using NIRS. The SEPc was 

0.11, range/SEPc was 19.1 and correlation coefficient between 

the tannin values obtained by the V-HCl/24 hr assay and those 

obtained by NIRS was r = 0.99 (p < 0.01, n = 20) for sorghum line 

IS9487 while sorghum line IS9613 gave a SEPc of 0 .35%, 

range/SEPc of 11.3 and a correlation coefficient of 0. 95 (p < 

0.01, n = 26). 
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1. INTRODUCTION 

Sorghum (Sorghum bicolor (L.} Moench} is an important 

source of energy and protein for both humans and animals in the 

sub-humid and semi-arid zones of Africa, Asia and Latin 

America. It is the fifth leading cereal crop in total world 

production behind rice, wheat, corn, barley and is typically 

grown under hot, dry conditions. 

One of the constraints on utilization of sorghum grain 

as food or feed is the occurence in some cultivars of 

significant levels of polyphenols or tannins. These polyphenols 

occur mainly in the peripheral layers of the caryopsis; that is 

the pericarp and testa. The presence of tannins in some 

sorghum cultivars has some agronomic advantages but, 

unfortunately, also has adverse effects on the nutritional 

quality of the grain. Tannin is associated with the resistance 

of g~ains to bird depredation, 

and preharvest germination. 

fungal and bacteria infections 

Nutritionally, high-tannin 

cultivars are inferior when compared to low-tannin cultivars of 

otherwise similar composition. Studies with laboratory animals 

have indicated that high-tannin sorghums are associated with 

lower feed efficiency, diminished weight gain per unit intake, 

low digestibility and reduced protein utilization. The tannins 

have other adverse effects such as lowered palatability due to 

astringency, off colors in milled products, and possible 

carcinogenic effects in humans and livestock. 

Despite the adverse effects of tannin in livestock or 

humans, the high-tannin cultivars are preferred because of 
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their agronomic advantages. In order to overcome the harmful 

effects of tannin and improve the nutritional status of the 

sorghum, several methodologies have been applied. These include 

germination, treatment with inexpensive chemicals, cooking, 

soaking, anaerobic storage of moistened grain and dehulling. 

All the methods except dehulling involve wetting the grain, 

which may not be applicable in developing countries because of 

difficulties in controlling microbiological growth and the 

expense of redrying the grain. Dehulling of sorghum grains in 

commercial mills appears to be the technology which is now 

being most widely adapted. 

Several methods of tannin analysis are available and 

each method is specific for a group of polyphenols. In 

addition, the extraction method and treatment of samples affect 

the analytical values obtained within and among methods. 

Substantial progress has been made towards better methods of 

polyphenol analysis of sorghum. Application of these 

analytical methods in plant breeding is extremely difficult 

because of the need for simplicity, speed, reliability and 

relation of results to nutritive value. No analysis comes 

close to meeting all of these requirements but considering 

analysis time, convenience and reproducibility, the 

vanillin-hydrochloric acid method with or without blanks is the 

most useful method for measuring tannin in sorghum. 

The protein content of sorghum grain is another quality 

characteristic which requires rapid determination, because 

protein is an important nutritional constituent. The Kjeldahl 
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procedure is the most widely accepted method for determination 
-

of nitrogen content of food. It involves wet digestion of the 

sample by heating with concentrated sulphuric acid in the 

presence of a catalyst. The disadvantage of this method is that 

it is too slow for effective use in breeding programs. The 

dye-binding method is a rapid method for protein determination 

in cereals and grains. In this method sulphonated dyes react 

with proteins at low pH to form a complex which is removed by 

filtration or centrifugation. The amount of dye remaining in 

the supernatant, may be determined colorimetrically and it is 

inversely proportional to the amount of protein in the sample. 

The major criticism of the dye-binding method is that it 

requires standardization against the Kjeldahl method. 

Chemical methods for protein and tannin analysis in 

sorghum are time consuming, expensive, and a considerable 

amount of laboratory space, capital equipment and technical 

expertise is required for their execution. Due to the 

constraints involved in both protein and tannin methods, there 

is a need for a more rapid method for determining protein and 

tannin content in sorghum grain. 

Near infrared reflectance spectroscopy (NIRS) offers the 

possibility for rapid measurement of protein and tannin content 

in sorghum. It is an instrumental method requiring little or 

no sample preparation. The NIRS technique is based on the fact 

that each of the major chemical components of a sample has a 

distinctive, near infrared reflectance spectrum which can be 

used to quantitate the component. Simultaneous quantitative 
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determination of several constituents in a sample may be 

accomplished in under a minute. Non-destructive analysis of 

the sample allows for reanalysis of the sample by another 

method. Since chemical reactions are not involved, except for 

those required for calibration, the technique is safe to use 

and operating costs are minimal. 

The principal disadvantage of the technique is that it 

is empirical. It requires a high precision spectroscopic 

instrumentation because small changes in reflectance at 

specific wavelengths must be measured. Calibration is required 

for each constituent and it is valid only for the same type of 

samples. As a general rule,the NIRS technique lacks sensitivity 

for constituents which are present at a concentration of less 

than 1% of the dry matter. 

The NIRS technique is now widely used as a method for 

the analysis of cereals, forages and oilseeds for protein, 

moisture and oil contents. The technique is used routinely in 

nearly all of the major grain producing countries of the world. 

Millers use NIRS in their quality control programs to check 

whether the flour milled from a given grist is as forecast. 

Bakers use the technique to check their intake flour for 

specification, to monitor their process and for quality control 

of their products. Some other areas of the food industry have 

recognized the value of the method when faced with ever 

increasing demands for compositional information on products 

and for tighter control of ingredients to minimize costs. 

This study was initiated to determine whether NIRS could 
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be effectively used to determine the protein and tannin content 
-

of sorghum. The Kjeldahl method was used to analyze ground 

sorghum grain for protein. Five methods of tannin analysis in 

ground sorghum were compared and NIRS was used to try to 

predict tannin content determined by each method. In addition, 

NIRS was used to predict tannin content of whole sorghum, since 

this procedure would eliminate the need for grinding of the 

grain. The application of NIRS for measuring tannin content of 

abrasively dehulled sorghum was also investigated since a rapid 

method for assessing tannin content in commercial dehulling 

plants would be desirable. 



6 

2. LITERATURE REVIEW 

2.1. Phenols and tannins of sorghum 

All sorghum cultivars contain phenols (Hahn et al 1984). 

These affect the color, appearance and nutritional quality of 

the grain and sorghum products. The phenolic compounds can be 

divided into phenolic acids, flavonoids and tannins. All 

sorghum contains phenolic acids; some contain flavonoids. Only 

brown, high tannin, bird resistant types contain condensed 

tannins; yellow sorghums contain low tannin and white sorghums 

contain no tannin. 

Phenolic acids are derivatives of benzoic or cinnamic 

acids. They may be present as free acids or soluble esters in 

the pericarp, testa, and aleurone layer. Bound or insoluble 

phenolic acids appear to be present in the cell wall of the 

grain. Hahn et al (1983) identified eight phenolic acids in 

sorghum extracts. These include gallic, protocatechuic, 

p-hydroxybenzoic, vanillic, caffeic, p-coumaric, ferulic and 

cinnamic acids (Figure 2.1). The major bound phenolic acid of 

sorghum is ferulic acid (3-methoxy-4-hydroxy-cinnamic acid) . 

It is the phenolics which inhibit the growth of 

microorganisms. Apparently they do not adversely affect the 

nutritional quality of the grain but they may form undesireable 

colors under some food processing conditions. 

Flavonoids are the largest group of phenols in the plant 

kingdom. These consists of two distinct units: A and B rings 

(Figure 2.2). The three major groups of flavonoids are 
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Figure 2.1. Phenolic acids in sorghum ( Hahn et al 1983 ) 
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3' 

Figure 2.2. Basic flavonoid ring structure ( Hahn et al 1984 ) 



9 

flavones, flavonols and flavans; the major group of flavonoids 
-

in sorghum are the flavans. They are also called 

anthocyanidins, catechins and leucoanthocyanidins and are 

responsible for pericarp color. 

Tannins are water soluble polyphenols having molecular 

weights between 500 and 3000 with the ability to bind with 

protein (Bate-Smith and Swain 1962, Hahn et al 1984) and 

preserve animal hides (White 1957, Maxson and Rooney 1972a). 

These polyphenolic compounds are normal metabolic compounds and 

not in vitro transformation products formed by chemical or 

other means (Gupta and Haslam 1980). Tannins are classified 

into two distinct groups on the basis of their structure: 

hydrolyzable and condensed tannins (Ribereau-Gayon 1972, Sarkar 

et al 1976, Hahn et al 1984) . 

Hydrolyzable tannins are esters of sugars and phenolic 

acids or their derivatives; the sugar is usually glucose, but 

in some cases, polysaccharides have been identified. 

Hydrolyzable tanriins are ~eadily hydrolyzed by acid, alkali or 

some hydrolytic enzyme (tannase) into a carbohydrate (usually 

glucose) and a phenolic carboxylic acid (usually gallic or 

ellagic acid moiety) . Examples of hydrolyzable tannins are 

tannic and chebulinic acids (Figure 2.3a and 2.3b). 

Condensed tannins have no carbohydrate core in their 

structure and are usually derived by condensation of flavonoid 

precursors (Figure 2. 3c) . They are polymers of flavans 

(flavan-3-ols and flavan-3, 4-diols) and are not readily 

degraded by acids or alkalis but polymerize to form amorphous 
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Kydrolysable Tannins 

a. Tannic acid b. Chebulinic acid. 

Figure 2. 3. 

Condensed Ta.1'1nins 

c. Condensed Tannin (flavolan) 

Structures of hydrolyzable and condensed 
tannins. (Ribereau- Gayon 1972) 
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phobaphenes or tannin reds (Jambunathan and Mertz 1973). Only 

condensed tannins, polymers resulting from the condensation of 

flavan-3-ol units have been found in brown sorghum (Strumeyer 

and Malin 1975, Hoseney et al 1981, Butler 1982, Hahn et al 

1984) . These polymers are now referred to as proanthocyanidins 

because anthocyanidins are released when tannins are hydrolyzed 

with mineral acids. Sorghum tannins are also referred to as 

procyanidins (Gupta and Haslam 1978) as cyanidin is usually the 

sole anthocyanidin involved. 

2.1.1. Extraction and separation 

The process of extracting tannin from plant tissues is 

complicated because of the tannin's affinity for proteins, 

binding to other tissues and the insolubility of tannin due to 

polymerization and changes during extraction (Ribereau-Gayon 

1972, Hagerman and Butler 1980). Sorghum tannins have been 

extracted using solvents such as ethanol and acidified ethanol, 

neutr~l and acidified methanol, acetone, water and 

dimethylformamide. Of all these solvents, methanol has the most 

useful properties for extracting tannins from sorghum grain 

(Gupta and Haslam 1980) . 

Separation of sorghum tannins has been achieved by 

adsorption on gels followed by elution with suitable solvent 

systems. Gels such as Sephadex LH-20 (Strumeyer and Malin 1975, 

Davis and Hoseney 1979, Hagerman 1980) and Sepharose 4B (Oh et 

al 1980) has been used as adsorption media. Figure 2. 4 

summarizes the extraction and separation of sorghum tannins. 
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sorghum grain.( Butler 1978) 
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Extraction of the ground sorghum grain with absolute ethanol 

prior to methanol extra-ction and phenol fractionation prior to 

aqueous acetone elution serves to minimize the contamination of 

tannins with proteins, thus increasing the yield of tannin to 

about 30% of dry matter. 

2.1.2. Analytical methods 

Methods of tannin analysis in sorghum usually involve 

spectrophotometry (Salunkhe et al 1982) . A number of methods 

have been used to evaluate the relative levels of polyphenolic 

compounds in sorghum. Some of these have been the 

vanillin-hydrochloric acid (V-HCl) of Burns (1971), the 

modified vanillin-hydrochloric acid (MV-HCl) of Maxson and 

Rooney ( 1972b), V-HCl with blanks and other modifications 

(Price et al 1978), the Prussian blue (PB) assay of Price and 

Butler (1977), the a.-amylase inhibition assay (Barnes and 

Blakeney 1974, Davis and Hoseney 1979), the protein 

precipitation assay (Hagerman and Butler 1978), and the Polin 

Denis assay (Burns 1963) . 

The method for quantitative analysis for tannins that 

has become widely used for sorghum grain is the V-HCl assay. 

Leucoanthocyanidins (catechins) and proanthocyanidins (tannins) 

react with vanillin in the presence of HCl to give a bright red 

color. This is the basis for the colorimetric V-HCl procedure 

and all its modifications. Vanillin reacts primarily with 

flavonoid compounds (leucoanthocyanidins), but other flavonoid 

compounds give significant color development 
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(ie,dehydrochalcones). The A ring and single bond between c2 

and C3 (Figure 2.2) are required for positive vanillin reaction 

(Sarkar and Howarth 1976) . Anthocyanidins are red in mineral 

acids, and a blank should be used if only tannins are to be 

measured (Hahn et al 1984) . 

The Prussian blue and Folin Denis procedures measures 

total oxidizable phenols which are phenolic acids, flavonoids 

and tannins. These assays are based on the reducing power of 

phenolic hydroxyl groups (Butler 1982). The a-amylase 

inhibition and the protein precipitation assays measure tannin 

by their ability to precipitate protein and inhibit enzymes. 

These types of assays are the most highly correlated with 

nutritional value of the grain. None of these methods give 

accurate measures of the quantity of condensed tannins in 

sorghum (Hahn et al 1984). 

To measure tannin in whole sorghum grain, the best 

practical method is to use the bleach test to determine whether 

brown (pigmented) sorghums are present; then the V-HCl assay 

can be used to determine the relative levels of condensed 

tannins (Earp et al 1981). Kernels with a pigmented testa turn 

black with the bleach test- while those without a pigmented 

testa remain light in color. Tannin analyses are not needed if 

brown sorghum is not present, since kernels without a pigmented 

testa do not have condensed tannin. 

Absolute values for tannins (proanthocyanidins) cannot 

be measured in sorghum, and the values in literature should be 
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used only as relative estimates for comparing tannin levels 

among known sorghum varieties (Hahn et al 1984). 

2.1.3. Effect on grain QUality 

The brown, high tannin and bird resistant sorghums have 

agronomic and production advantages, but their nutritional 

value is significantly lower than that of non brown sorghum. 

In the field, sorghum tannins serve to protect the seed 

against insect and bird attack, and preharvest germination. 

Tannin also protects the sorghum plant against diseases caused 

by fungi, bacteria and viruses (Price et al 1980, Butler 1982). 

Bird resistance has been attributed to the bitter or astringent 

flavor associated with the precursors of condensed tannins 

(Hahn and Rooney 1985) . Diets with high-tannin sorghum produce 

low growth rate for chicks (Chang and Fuller 1964, Vohra et al 

1966) and rats (Jambunathan and Mertz 1973, Maxson et al 1973, 

Price et al 1978). Sorghum tannins have been observed to 

reduce dry matter digestibility (Harris and Burns 1970, Maxson 

et al 1973, Muindi and Thomkhe 1981). They have also been 

associated with the incidence of esophageal cancer in humans 

(Maxson and Rooney 1972b) . 

Tannins have the ability to bind proteins, the property 

which is used to convert hides into leather. The essence of 

tanning is the formation of cross links between collagen fibres 

in animal skins brought about by tannin molecules, thus 

affording the skin protection from microbial attack and 

resistance to heat and abrasion (Gupta and Haslam 1980). 
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Proteins high in proline have been shown to have a high 

affinity for interacting with tannins (Hagerman and Butler 

1980, Butler 1982) . 

2.1.4. Effect of dehulling 

The objective of abrasive dehulling of sorghum is to 

remove the outer layers (pericarp) of the seed, thereby 

reducing the fiber and tannin content and improving the 

appearance, cooking quality, functional properties, 

palatability and digestibilty of the grain (Reichert et al 

1986) . The process has been found to reduce tannin by up to 98 

% (Chibber et al 1978). Despite the advantages, dehulling 

removes protein up to 45% and is also associated with some loss 

of nutrients found in the outer layers of the grain (Reichert 

1977) . 

2.2. Sorghum proteins 

The proteins in sorghum, like other cereal grains may be 

characterized as albumins, globulins, prolamins and glutelins. 

These four classes of protein are distinguishable in all cereal 

grains on the basis of their solubility in water (albumins), 

salt solution (globulins), alcohol (prolamins), and alkaline 

detergents (glutelins) (Jambunathan and Mertz 1973) . Proteins 

of sorghum grain are deficient in lysine and other essential 

amino acids and must be supplemented with other sources of 

these nutrients (Guiragossian et al 1978). Sorghum proteins 

serve as enzymes, structural and storage components (Rooney et 
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al 1972, Seckinger and Wolf 1973). 

2.2.1. Localization 

Hubbard et al (1950}' found that the highest 

concentration of protein in the sorghum kernel was in the germ 

followed by the endosperm and then the bran which had the 

lowest protein content. The structural proteins are present in 

the embryo, while the storage proteins are in the endosperm and 

surrounding aleurone layer which provide the food for the young 

plant (Wall and Paulis 1978} . As the proportion of protein 

nitrogen in the endosperm increases the composition of the 

endosperm storage proteins change; glutamic acid and proline 

increase and other basic amino acids and methionine decrease in 

proportion to total nitrogen. The endosperm protein in sorghum 

exists both as a continous matrix, and in the form of protein 

bodies embedded in the matrix, these bodies being particularly 

high in proline and glutamic acid and generally free from 

starch (Watson et al 1955, Seckinger and Wolf 1973) . 

2.2.2. Analytical methods 

The Kjeldahl method is recognized as the standard method 

for the determination of total nitrogen and results are usually 

expressed as g N per 100g sample (Hulse et al 1980) . The usual 

method of estimating the protein content of a foodstuff is to 

multipy its content of nitrogen by a conversion factor which is 

assumed to be calculated from the amount of nitrogen in its 

constituent proteins. The widely used factor of 6.25 is based 
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on the assumption that the proteins present in the commodity 

contain 16% nitrogen. For most cereals, oilseeds and legumes a 

factor of 6.25 tends to overestimate the protein content by 

about 10%, therefore, Tkachuk (1969), recommended a factor of 

5.7 for these crops. 

An alternative method for protein determination in 

cereals is the dye-binding method. It is based on the 

formation of an insoluble dye-protein complex when the sample 

is mixed with a solution of a sulphonated acid dye, which is 

buffered at a pH of about 2. The coagulum is separated by 

either filtration or centrifugation and a photometric_ 

measurement of the supernatant is determined. This measurement 

corresponds to the concentration of excess dye in the reaction 

mixture and normally it is inversely related to the protein 

content of the sample {Lakin 1978) . 

2.3. Near infrared reflectance spectroscopy 

2.3.1. Theory of near infrared spectrophotometry 

Near infrared reflectance spectroscopy (NIRS) is a 

secondary analytical method and therefore requires calibration 

by another reference method. This has a number of 

implications, including; 1) it is not possible to use the NIRS 

instrument without first calibrating it for the constituent to 

be analyzed; therefore, it does not replace the reference 

method, 2) the performance of NIRS cannot be any better than 

the reference method used to analyze samples for calibration. 

If the reference method is poor, then NIRS will not be any 
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better. NIRS is an empirical technique that depends heavily 
-

on computers because it measures the overtone and combination 

bands in the near infrared region. The basis of the 

technology is that each of the major constituents of grains 

and oilseeds has a definitive absorption spectrum in the 1000 

to 2600 nm region (Osborne 1981, Norris 1983a, MacDonald 1986} . 

The absorption bands in the near infrared region are simply 

overtones and combinations of the bands occuring in the mid 

infrared region. Overtones are harmonics of mid infrared 

fundamentals; they occur at near integral multiples of the 

fundamental absorption frequency and are often referred to as 

first, second or higher order overtones. Since the intensity 

decreases rapidly with increasing order only the first through 

third overtones are generally observed in the near infrared 

region. Combinations bands occuring at frequencies equal to 

the sum or difference of two or more fundamental absorption 

frequencies or an overtone and a fundamental (Wetzel 1983, 

Cooper 1984) . 

Unlike a mid-infrared spectrum, which consists of 

absorption bands that are distinct from one another, the near 

infrared spectrum of most compounds is one of overlapping 

bands. This overlap is, such that, the correlation of 

specific bands to the components from which they arise can 

sometimes be quite difficult. This is especially true when the 

concentration of the components to be measured is less than 

about 1.0% of dry matter. At such low concentrations, even 

moderate concentration variations may cause only very slight 
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changes in the near infrared spectrum (Cooper 1984) . 
-

When monochromatic light is directed onto an opaque 

sample, it may either be transmitted or reflected. Since some 

of the light is absorbed and the remainder is reflected, study 

of the reflected light can be used to measure the amount 

absorbed. A careful look at the reflected light shows that 

some of it is reflected from the surface of the sample and does 

not penetrate the sample at all; this light carries no useful 

information hence is termed specular reflectance. Some of the 

light does travel beneath the surface of the sample and is then 

reflected. The reflected light does carry some useful 

information about the sample, and is termed diffuse 

reflectance (Osborne 1981, Wetzel 1983). 

By definition, for reflectance to be diffuse, the 

intensity of reflected light must not be the same, because for 

a powdered sample both scattering and absorption occur (Kortum 

1969) . This phenomenon, can be explained by several empirical 

theories based on the concept of two constants called the 

absorption coefficient (K) and scattering coefficient (S) . 

Kubelka and Munk related the values of these constants to the 

total absolute reflectance by the equation 

K._ = 1 - R00 ) 2 

S 2R00 

where the reflectance term is called the Kubelka Munk function 

Since for dilute mixtures K = 2.30 e c where (E) is 

the molar extinction coefficient and (c) is the concentration, 
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F (~) a c providing (S) is constant. Law and Tkachuk 1977 

showed that this relationship is valid for absolute 

measurement of moisture in wheat without calibration against 

samples of known composition. 

The measurement of ~ is very tedious and therefore it is 

usual to measure apparent reflectance referred to a standard 

(Tkachuk and Law 1978) . Since the signal from the detector is 

amplified using a logarithmic response amplifier, data are 

recorded as log R/R', where R is the reflectance of the 

reference and R' is the reflectance of the sample. Log R is 

constant because a reference is chosen such that its 

reflectance does not change with wavelength and therefore, 

log1/R' carries all the information. The log 1/R', data on a 

number of samples must be calibrated against values obtained by 

an accepted method before the NIRS instument may be used for 

analysis (Osborne 1981). 

2.3.2. Instrumentation for near infrared spectroscopy 

There are a number of instrument models available for 

NIRS analysis and while they differ in several important 

respects, they all have in some form irrespective of whether 

they operate in transmittance or reflectance mode the following 

five components: (1) a source of radiant energy, (2) a device 

for wavelength discrimination, (3) a means of presentation of 

the sample, (4) a detector to convert the radiant energy to an 

electrical signal and (5) a signal processor and readout 

(Cooper 1984, Osborne and Fearn 1986) . Although the arrangement 
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of these components differ between different instruments, the 

basic configuration for transmittance and reflectance are shown 

schematically in Figure 2.5. 

Fundamental monochromator types currently in use are 

full scanning grating, tilting filter and discrete filter. 

Full scanning NIRS systems use a holographic grating as the 

dispersive element in the monochromator and are used primarly 

for basic research and development of new NIRS applications. 

Tilting filter instruments use a unique design that allows the 

angle of incidence of the radiation on an interference filter 

to be changed over time, which causes an increasing shift in 

the wavelength of the radiation transmitted through the filter 

and provides a continuous near infrared spectral scan over a 

limited wavelength range. Such instruments are available with 

three, six, or seven filters and cover -400 to 900 nm-wide 

regions. Discrete filter instruments also use inteference 

filters, but the angle of incidence is fixed at 90°. Discrete 

filter instruments with up to 19 filters are available. 

Detector configurations now available are integrating 

sphere (Figure 2.6) and 0-45° (Figure 2.7) detector geometry. 

For the integrating sphere, radiation reflected from the sample 

is trapped in the sphere and eventually reaches the detector by 

reflecting off the inner surface of the sphere. In the 0-45° 

geometry, four detectors are positioned at an angle of 45° to 

the sample surface along two perpendicular axes. While the 

arrangement is not as efficient as an integrating sphere in 
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specular component in the total that is detected will be less. 
-

Instruments are usually controlled by either self 

contained microprocessor or an external microcomputer; in some 

instruments, both forms are available. 

A reference standard is required for all reflectance 

measurements. As part of signal processing for reflectance 

measurements the sample reflectance is compared to that of the 

standard, thereby converting the raw reflectance (R) to log 

1/R. The National Bureau of Standards recommends the use of 

ceramic as the working standard for NIRS methods because it has 

uniform reflectance across the near infrared region and it can 

be cleaned with soap and water or with alcohol to remove 

contamination. Instruments with an integrating sphere use the 

interior coating of the sphere as a reference. Spheres are 

coated with gold to provide a uniform, high, and diffuse 

reflectance over the near infrared region (Norris 1985) . 

Pressed sulphur has been proposed as a reference standard 

(Tkachuk and Kuzina 1978) but is not widely used despite its 

excellent reflectance properties in the near infrared region. 

Reflectance of the reference must remain constant to maintain 

the calibration of a near infrared instrument. If 

calibrations are to be transferred from one instrument to 

another, any differences in the reference must be accounted 

for. It appears that a ceramic working standard is very stable 

and does not represent a significant source of error within one 

instrument, but between instruments variability occurs because 

the position of the ceramic and its backing affect the measured 
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reflectance. 

2.3.3. Near infrared data handling and calibration by multiple 

linear regression 

Calibration is the greatest problem to the overall 

acceptability of NIRS instruments due mainly to the need for 

multiple linear regression analysis which usually calls for an 

external computer. Also, calibration requires accumulation of 

a comprehensive series of samples. Calibration must encompass 

all of the variance in physico-chemical characteristics that 

are likely to be encountered in the samples which will be 

analyzed using the calibration (Williams and Cordeiro 1985}. 

2.3.3.1 Sample selection, preparation and presentation 

In order to achieve useful calibration for NIRS, careful 

considerations must be given to the selection of samples used 

for calibration and verification. The sample sets must be 

comprehensive, 

constituents 

constituents, 

considering such variables as the range of the 

of interest; intercorrelation with other 

the variability of the other constituents and 

sample age. The samples should be evenly distributed across the 

range of interest (Davis and Wright 1984, Hirschfled and Stark 

1984} . 

Solid samples for NIRS analysis must be thoroughly 

blended prior to grinding and again after grinding. Many solid 

samples require grinding to a small and relatively uniform 

particle size. Particles on the order of 150 to 250 J..Lm are 
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desirable for NIRS analysis. Uniformity of sample preparation 

(ie, type of grinder, grinding time, quantity of sample, number 

of samples are ground consecutively in time, clean out 

procedures, size and shape of screen) is mandatory once a 

grinding procedure is established. It must be maintained on all 

calibration samples as well as on all analysis samples. 

For reflectance measurements to be taken, the sample 

must be located between the monochromator and the detector. 

The means of presentation depends on the nature of the sample. 

Solid products such as powders and pastes are presented to the 

machine in open or quartz covered (closed) sampling cups, 

while for liquids a thermostated sample holder is used. 

(Hirschfled and Stark 1984, Osborne and Fearn 1986) . 

2.3.3.2. Collection of optical data 

In the absence of any .a J2riori information it is 

desirable to use a monochromator-based scanning instrument to 

determine the reflectance over a major portion of the near 

infrared region so that a computerized wavelength search can 

find wavelengths or combination of wavelengths whose absorbance 

correlates with the component being analyzed. Scans from 1400 

to 2400 nm are usually sufficient, although data is often 

collected from 1100 to 2500 nm. A 10 nm spectral bandwidth has 

been found adequate, with data points spaced 4 nm apart. 

Therefore, 250 to 350 independant measurements are made on each 

sample, with a scanning instrument (Hirschfled and Stark 

1984) . Filter based NIRS instruments, can similarily be used 
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to select wavelengths, however, the possible wavelengths are 

limited by the particular filters installed in the machine. 

It is important when measuring the calibration set of 

samples to provide data so that the various errors can be 

qualified. As a minimum, all samples should be prepared and 

measured in duplicate. The standard deviation and bias 

calculated on the difference between the first and second 

readings of each sample then gives measures of the total 

precision of the method. This total precision includes 

sampling error in separating the two aliquots, sample 

preparation variations, and instrument errors (Hirschfled and 

Stark 1984) . 

2.3.3.3. A simple calibration 

Calibration involves collecting a set of calibration 

samples which should be representative of the population of 

samples to be analyzed and subjecting,the samples to analysis 

by the reference method for the constituent of interest and by 

the NIRS instrument to determine log 1/R values. For many of 

the well established applications the manufacturers supply 

instruments complete with calibration. However, many users 

prefer to calibrate the instruments themselves despite the 

availability of manufacturers calibration. A variety of 

calibration methods are in use, all seeking in various ways to 

overcome the same difficulties. The main problems are the 

complex nature of the near infrared spectra in which any peak 

of interest is almost surely overlapped by one or more 
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interfering peaks, and the strorig dependence of reflectance on 

the scattering properties of the sample, particularly on the 

particle size of the powder (Osborne and Fearn 198 6) . The 

calibration method must infer a rule of predicting the 

reference analysis results from spectral data in future 

samples. The simplest approach is to employ differences in log 

1/R values, often called delta optical data (dOD) which 

eliminates the effects of particle size. A simple calibration 

for a constituent in a sample could be derived by fitting a 

straight line to the reference and dOD data, and using the 

equation of the line to predict the constituent content from 

the measurement of future samples (Norris and Hart 1965) . 

A straight line would normally be fitted to the data by 

the method of least squares. Given a number of pairs (xi Yi), 

Yn), the parameters of the line 

y = a + b x which best fits the (x , y) relationship in the 

sense of minimizing the sum of squared errors (S) 

s =r (y.- a- bx·)2 
I 1. 

are given by 

b ~~-yl (xi=Xl 
L (xi - x) 2 

a = y - bx 

where X = n -l r Xi and y = n -lr Yi are the means of (X) and 

(y) . The minimized value of (S) is called the residual sum of 

squares. The fit minimizes errors in the y-direction and, 

therefore, it makes a difference which of the two variables (x 

or y) is chosen to be the dependent variable. Two further 
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quantities which are normally calculated as measures of the 

goodness of fit of the line are the residual standard deviation 

0" = "~.i-a-bxi.j_2 
(n-2) 

and the correlation coefficient 

r = ~i-y) <xi=ZL 

"L(yi-y) 2 L(Xi-X) 2 

The s, often referred to as the standard error of calibration 

(SEC) is a root mean square average of the errors about the 

fitted line, and as such represents the discrepancy from the 

line. Dividing by (n-2) rather than (n) allows for the fact 

that the constants (a) and (b) have been calculated from the 

same data that are used to assess the errors (Osborne and Fearn 

1986) • 

As far as the prediction of unknown samples is 

concerned, s is likely to be an underestimate of the errors 

which will be encountered. The principal reason for this is 

that the equation used for prediction is a line of best fit for 

the particular samples in the calibration set, not for the 

population as a whole. A different choice of samples would 

produce different although perhaps only slightly different 

values of (a) and (b) . This uncertainty about (a) and (b) 

adds to the extremes of the calibration range. This problem is 

not serious so long as the calibration samples are numerous 
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enough, well distributed over the range and representative of 

the population, but even then (cr} 

underestimated. 

will be somewhat 

If the errors about the fitted line have a normal 

distribution as they usually will, then (cr} is an estimate of 

the standard deviation of this distribution so that 68% of the 

errors on an average will be within one standard deviation unit 

and 95% will be within two standard deviation units. The 

correlation coefficient (r) measures the extent to which the 

fitted straight line relationship explains the variability on 

the y-values. In fact (r), which lies between 0 and 1 is 

proportional to the total variance in the y-values explained by 

the fitted line. It depends on the spread of the y-values as 

much as it does on the goodness of the fit, and in so far as it 

measures the predictive ability of the equation it only does so 

relative to the range of the y-values in the calibration set. 

Thus by increasing range, possibly well beyond that of 

interest, an apparently impressive correlation may be achieved 

although the prediction errors actually become larger (Snedecor 

and Cochran 1982) . 

2.3.3.4. Wavelength selection and calibration 

The task of calibrating involves selection of a set of 

analytical wavelengths from the larger set of optical data. 

The resulting calibration equation consists of a constant plus 

a set of products each of which is a coefficient multiplied by 
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the absorbance at a given wavelength. In the case of simple 

absorbance, log1/R or -logR optical data, the calibration 

equation is 

y = a+b1 log1/R (A1 ) + b2 logl/R (A2 ) + .... + bn log 1/R (An) 

where there are (n) wavelengths used. The coefficients (a) and 

(bn) are determined by multilinear regression mathematics. 

Wavelength selection typically involves generating calibration 

for many possible wavelength combinations. From the calibration 

statistics, such as the multiple correlation coefficient, 

standard error of calibration (SEC) and the F-test,the bes~. 

wavelength selection from all the trials is determined. 

Equations with the highest multiple correlation (R), the 

smallest SEC and the highest F value, are chosen while keeping 

in mind that, it is usually desirable to have only a few 

wavelengths in the equation (Hirschfled and Fearn 1984, Osborne 

and Fearn 1986) . 

2.3.3.5. Transfer of calibration between instruments 

Since calibrating an instrument involves considerable 

effort, it would obviously be a considerable advantage if the 

calibration once developed could be transferred to other 

instruments. For such a transfer to be successful, either the 

instruments must produce identical optical data or the equation 

must be adopted to allow for difference·s between the spectral 

data from different instruments. The first condition holds 

with some types of fixed-filter instruments, and calibration 

transfer with adjustment of the constant term in the equation 
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only, has been demonstrated {Osborne and Fearn 1983) . A 

computerized procedure for adjusting equations in cases where 

this is not true has been described {Shenk et al 1985) . 

2.3.3.6. Verification 

The selected calibration equation is tested by 

determining the values of a separate verification set of 

samples and comparing the results to the reference values. 

These samples should conform to the requirements for the 

calibration set of samples. The verification statistics 

describe the difference between the NIRS results and the 

reference values {Hirschfeld and Fearn 1984) . 

2.3.4. Application of near infrared spectroscopy in food 

analysis 

There are a number of reviews in the literature on the 

subject of NIRS applications in food analysis (Watson 1977, 

Norris 1978, Rotolo 1978, Giangiacomo et al 1981, Davies 1982, 

Osborne 1983a, Osborne 1983b, Wetzel 1983, Polesello and 

Giangiacomo 1983, Baker 1985, Williams and Cordeiro 1985, Starr 

et al 1985, Suzuki et al 198 6, MacDonald 198 6, Hall et al 

1988) . Generally, NIRS is applicable to the determination 

of the major rather than trace constitutients in foods 

although there are a few exceptions. In the reflectance mode 

NIRS has been used for a wide range of applications in food 

industry (Table 2.1). It is possible to survey applications in 

two ways; by constituent or by commodity. The former method 
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has been chosen to allow the chemical or physical basis of each 
-

determination to be discussed. Applications will therefore be 

considered under the following; moisture, protein, fat, 

carbohydrates and miscellaneous (Osborne and Fearn 1986) . 

The near infrared absorption spectrum of pure water 

consists of five bands with maximas at 1940, 1450, 1190, 970, 

and 760 nm at 20° C (Curcio and Petty 1951) . These bands are 

subject to shifts as a result of variations in temperature. 

The bands at 1450, 970 and 760 nm are the first, second , and 

third overtones of 0-H stretch, while those at 1940 and 1190 

nm are combination bands involving 0-H stretch and 0-H bend. 

The choice of band for spectrophotometry is governed by 

considerations of sensitivity and selectivity. Thus, the 

overtone bands are satisfactory for use in conjunction with 

solvents which do not contain 0-H functional groups. Solvents 

with an 0-H functional group use the band at 1940 nm. The 

determination of moisture in food products is based on the 

measurement of well defined absorption bands but the background 

correction is complex and empirical as a result of the 

limitations of diffuse reflectance when the background is 

absorbing and its absorbance varies from sample to sample. 

The application of NIRS in protein determination are 

very diverse. The most important ones are those involving 

cereals and cereal products. Wheat proteins have a number of 

absorption bands but not all of them are suitable as 

measurement points. Near infrared reflectance analysis is now 



Table 2. 1. Reported applications of NIR reflectance spectroscopy in the analysis of food. 

- i 
..., 

E t 

~ 
~ -~ I 

t -~ t.. :: t ~ 
=--· - :: , 

~-
1: s r! ~ 

E t. c ~ § 
:-

"' 
,, .~ E 

l: ~ 5 ;s ~ ~ ~I . :: , 
"E :: $ ~ ~ 

~ :: '5 ~ l. ~= 

Ci Qi Cii 
L. (j c (, Ci ~ i;: G :i - - Q a :::: ~ ~ lE 
~ ~ l..t - --: < < ::1.. V) -

- - - - - - - - - - - - - - - - -· - - - - - - - - - -·-
Adds a. Jl • • 

• 
Alcolwl • • 
Amino ucids • 
Asl• • 

I 

Cdlulou • 
• Clalorupll.l II 

Colour • I 
Dit·wrr jihrt • i I 
Eyy 

• 
fur/Oil • • • • • • • • • • • • 
flour • • • 
f ungul J#'OrfJ • 
fJ Glucan • . • I 
llurJnru 

• 
llol waltr rxrracr • I 
lodlnt ~lut • I 
l-aCIOJt • • I • 
Aloiswrt • • • • • • • • • • • • ·I· • • • • • 

I 

Prortin • • • • • • • • • • • I • • • • • • 
• i 

St~h • 
sr,/imrnrarion volumt 
Srarch • • • 
Srarch damage • 
SucroJt • • • • • 
Uuttr absorprion • I I 

I 

w 
(J) 



37 

the official method used to determine protein in wheat for 

trading purposes in both the United States and Canada (Williams 

1975). On a routine basis a standard deviation of about 0.25% 

has been reported by using separate calibrations for different 

wheat classes (Watson et al 1977, Osborne et al 1982). 

The major near infrared absorption bands in fat or oil 

are due to a long chain fatty acid moiety, which gives rise to 

a CH2 second overtone at 1200 nm, CH2 first overtone at 1734 

and 1785 nm, and CH2 stretch-bend combinations at 2310 and 

2345nm. Bands at 2140 and 2190 nm may however, be observed in 

the oil spectrum. These are due to cis-unsaturated fatty acid 

units and may be used to estimate the degree of unsaturation of 

a fat or oil sample. The determination of fat in meat was 

achieved in 1968 by means of D log 1/R measurement at the 

1725 nm first overtone band and 1650 nm reference (Ben-Gera and 

Norris 1968) . Study of the spectrum of defatted meat showed 

that the measurement was largely independent of protein which 

also has a CH overtone band in the same region. Osborne et al 

(1984), reported the standard deviation of NIRS fat 

determination in biscuit dough to be 0.20%. 

Carbohydrates are a complex class of food constitutents 

which include starch, oligo-, di-, and monosaccharides, 

cellulose, and hemicellulose. Various combinations of these 

occur in different foods and since they all consist of C-H and 

C-O bands, their near infrared spectra are very similar 

(Table 2.2). Subtle differences do exist, particularly in the 

C-H combination region. These differences have been used for 
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example to determine the cellulose content of flour as an index 

of milling quality. Model mixtures of fructose, glucose and 

sucrose have been analyzed successfully using NIRS in dry 

powders (Giangiacomo et al 1981) and in aqueous solutions 

(Lanza and Li 1984). 

Near infrared reflectance has been used to determine 

a-acids (Axcell et al 1981a) and ~-acids (Axcell et al 1981b) 

in hops. High correlations and low standard deviations were 

reported but no spectroscopic explanation for the measurement 

wavelengths were offered. 

Determination of a number of different amino acids in 

wheat and barley has been achieved using NIRS analysis 

(Williams et al 1984). Lysine, methionine, threonine and 

tryptophan were determined in wheat with a unique set of 

calibration wavelengths for each amino acid, although the first 

at 2101 to 2136 nm was similar for all four amino acids. The 

accuracy of NIRS analysis was comparable to that of amino acid 

analysis. 

There are very few applications of NIRS analysis for 

phenolic compounds. However, gossypol in cotton seed has been 

analyzed (Birth and Ramey 1982) and this investigation reported 

a high correlation (r = 0.972) with chemical analysis and low 

standard error ( SE 0. 0 9) . The optimum wavelength for 

gossypol analysis was 1457 nm. 



39 

Table 2.2 

Principal bands in the NIR spectra of some carbohydrates 

(expressed as A.max in nm) 

a-D-glucose Sucrose Starch Cellulose Hemicellulose 

1198 1196 1202 1207 1218 

1296 1276 1274 1278 1278 

1371 1368 1360 1365 1360 

1440 1436 1432 1431 1436 

1493 1489 1492 1487 1492 

1589 1586 1580 1584 1584 

1705 1688 1702 1707 

1729 1728 

1750 1762 

1789 1773 1772 1778 

1834 1823 1824 1824 1830 

2008 

2037 2037 2088 

2103 2100 2110 

2154 2150 

2200 2191 2190 2200 2186 

2275 2255 2278 2273 2262 

2318 2318 2314 

2330 2336 

2347 

2364 2368 2360 2380 

Source: Osborne and Fearn 1986. 
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3. MATERIALS AND METHODS 

3.1. Sorghum grain samples 

Sorghum breeding lines were obtained from ICRISAT, 

India. All breeding lines (Appendix A and B) were brown seeded, 

high tannin type. The lines were grown during the 1983/84 and 

1984/85 post-rainy season. The lines were grown in red soil 

with row spacing of 0.75 m and row length of 4 m. There were 

35 to 40 plants per row giving a plant density of 18 to 20 

plants/m2 after thinning. The matured crop was harvested, sun 

dried and hand threshed to avoid the excessive kernel breakage 

by a mechanical thresher. The moisture content (AACC,1983) of 

samples was 8.1 ± 0.5% (standard deviation). 

3.2. Chemical analysis of sorghum 

3.2.1. Protein content 

Protein content of the grain was determined by the 

automated Kjeldahl procedure (Method 7.021, AOAC,1984). 

3.2.2. Tannin content 

Tannin content of sorghum grain was determined by five 

methods which included; vanillin-hydrochloride (V-HCl) assay 

with extraction times of 24hr and 20 min, modified 

vanillin-hydrochloride (MV-HCl) assay with extraction times of 

24hr and 20 min and Prussian blue (PB) assay with an extraction 

time of 10 min. The purpose was to compare the five methods of 

tannin analysis and to suggest a method that gives a reliable 
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indication of polyphenol content with different backgrounds. 

3.2.2.1. Vanillin hydrochloride method l24hr and 20 min 

extraction times) 

Tannin content was analyzed (in duplicate) using the 

V-HCl method of Burns (1971) using reagent blanks described by 

Price et al (1978) . The detailed procedure is outlined below : 

a) samples were ground in a Udy cyclone mill to pass a 1 mm 

screen, 

b) the ground sample was well mixed and 0.5 g was weighed into 

a 25 ml Erlenmeyer flask, 

c) 25 ml of distilled methanol was added and the flask was 

plugged with a cork stopper, 

d) the flask was shaken very thoroughly at first and then 

occasionally every few hours for the 24 hr extraction and every 

few minutes for the 20 min extraction time (extraction 

temperature = 22°C) . 

e) 1 ml of supernatant was carefully pipetted (1ml methanol for 

general blank) into two 15 ml test tubes. 

f) 4% vanillin in distilled methanol (w:v) was prepared 

immediately before use. 

g) 2% vanillin - 4% HCl in distilled methanol was prepared by 

mixing equal volumes of 4% vanillin (w:v) and 8% HCl (v:v) in 

methanol. 

h) 4% HCl (v:v) was prepared by mixing equal volumes of 8% HCl 

(v:v) in methanol and pure methanol, 

i) 5 ml of 2% vanillin - 4% HCl was added to the general blank 
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and each sample test tube at 30 sec intervals, 

j) 5 ml of 4% HCl in methanol was added to the second test tube 

of each sample also at 30 sec intervals, 

k) the reaction was timed for exactly 20 min. The 

spectrophotometer (Beckman Instruments Inc., Scientific 

Instruments Division, Irvine, CA 92713 ) was zeroed using the 

general blank, 

1) the optical density at 500 nm of each sample was read 

starting at 20 min in the same order as reagent addition at 30 

sec intervals, 

m) a standard curve of optical density against concentration of 

catechin was plotted, and 

n) per cent tannin was obtained by reference to the standard 

curve and expressed as per cent catechin equivalent (% CE) . It 

was assumed that 1% catechin is equivalent to 1% tannin. 

3.2.2.2. Modified yanillin hydrochloride method l24hr and 20 

min extraction times> 

Samples (0.5 g) were extracted with 1% HCl in methanol 

for 20 min or 24 hr at room temperature (22°C) with the 

remaining procedure as described for vanillin hydrochloride 

method. 

3.2.2.3. Prussiao blue method 

Tannin was determined using the Prussian blue (PB) 

method of Price and Butler (1977) with some medications. 

Samples (60mg) were extracted at ambient temperatures with 5 ml 
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of water by shaking on a vortex for 10 min and filtering in a 

Hirschner funnel. The funnel was rinsed with three 5 ml 

aliquots of water. An additional 40 ml of water was added to 

the filtrate followed by addition of 3 ml of 0.1 M FeC13 in 

0.1 N HCl and timed addition of 3 ml of 0. 008 M K3Fe (CN) 6 • 

After 10 min incubation time absorbance was read at 720 nm on a 

Beckman Scientific spectrophotometer which had been zeroed with 

water. A blank of identical composition, but omitting the 

sorghum extract, was analyzed and subtracted from all other 

readings. A catechin standard curve from 0.0 to 0.25 mg/60 ml 

was used in determining tannin levels. 

3.3. Isolation of sorghum tannins 

Tannin was isolated from grain sorghum using the method 

of Hagerman and Butler (1980) as outlined below 

a) Whole sorghum (line P570, King Grain Co., Chatham, Ont., 

tannin= 3.75%) was ground in a Udy cylcone mill using a coarse 

(1mrn) screen. The ground sample was well mixed and 100g of 

flour was weighed (50g per 250 ml centrifuge bottle) . 

b) 300 ml of water saturated butanol (150 ml per bottle) was 

added, mixed on a magnetic stirrer in the dark at 4°C for 2 hr. 

The stirring bar was removed and the contents centrifuged for 

10 min at 10,000 rpm and temperature of 4°C. The supernatant 

was decanted through a medium sintered glass funnel with vaccum 

sunction. 

c) Step (b) was repeated three times using 10 mM ascorbic acid 

in methanol and the three methanol extracts were combined 
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(approximately 200 ml) . 

d) An equal volume of 1 mM acetate buffer at pH 4 was added to 

the combined methanol extract and mixed well. The solution was 

vacuum rotoevaporated to remove the methanol (from 400 to 100 

ml) and the remaining aqueous solution was extracted twice with 

an equal volume of ethyl acetate in a separatory funnel. The 

remaining aqueous solution was rotoevaporated to dryness. 

e) The dry powder was redissolved in minimum volume of 80% 

ethanol, and four times the volume of Sephadex LH-20 ethanol 

slurry was added. 

f) The gel was washed repeatedly with 100 ml of ethanol to 

remove non-tannin phenolics until the absorbance at 280 nm 

reach a constant value (approximately five washes) . 

g) The gel was washed with 100 ml of 50% acetone to remove 

tannins until the absorbance at 540 nm reaches a constant 

minimum value (approximately three times) . The solution was 

rotoevaported to 100 ml to remove the acetone. 

h) The aqueous solution was extracted three times with an 

equal volume of liquified phenol. 

i) The aqueous solution was washed three times with an equal 

volume of diethyl ether to remove the phenol. 

j) The solution was rotoevaporated to dryness and redissolved 

in 25 ml of 50% acetone. 

k) It was then rotoevaporated to dryness, redissolved in 25 ml 

of water and freeze dried. 
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3.4. Description of the Tangential 8brasiye Dehulling Deyice 

The production model (4E-230) of the Tangential Abrasive 

Dehulling Device (TADD) (Venables Machine Works Ltd., 502-50th 

Street East, Saskatoon, Saskatchewan, Canada, S7K 6L9) was used 

to prepare dehulled sorghum grain from two lines (IS9487 and 

IS9613). Abrasion in the TADD was provided by a rotating 

horizontally mounted grinding wheel (A36L5VBE, Norton Canada 

Inc., P.O. Box 3008, Hamilton, Ontario, L8L 7Y5). The speed 

of the motor was 1750 rpm at 60 Hz. The clearance (less than 

0.25 rnrn) between the bottom edge of the sample cup plate and 

the grinding wheel was adjusted with shims placed between the 

driving disk and the brake. The clearance determines the size 

of the particles which escapes under the sample cups and thus 

affects the yield. 

In order to generate many samples varying widely in 

tannin content for use as calibration and verification sets for 

the NIRS procedure, samples of 20 g were weighed into the eight 

sample cup plate of the TADD. The hinged lid was closed and 

the grains dehulled to different levels, starting with zero 

time followed by five seconds intervals. The dehulled grain 

was removed from the sample cups using the vacuum aspirating 

device described by Oomah et al (1981). At each level of 

dehulling, tannin content was determined using the V-HCl/24 hr 

and then the percent kernel removed was plotted against tannin 

content. 
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3.5. Near Infrared reflectance analysis procedure 

3.5.1. Calibration 

3.5.1.1. Sample selection, preparation and presentation 

In order to achieve calibration for NIRS measurements 

of protein and tannin content in sorghum, 30 samples were 

selected for calibration. These samples were selected to be 

relatively evenly distributed across the range of protein and 

tannin content of the sorghum samples used in this study. 

Pooled standard deviation (SD) for the calibration sub sets 

were calculated to determine the precision of the reference 

method. The ratio of the range of the constituent of interest 

to the pooled standard deviation (Range/SD)was calculated to 

determine the suitability of the subsets for calibration 

purposes. The ratio was greater than 20 in both cases. 

Sorghum grains were well mixed prior to weighing in 
I 

order to obtain a representative sample. Samples of 20 g each 

were ground in a Udy cyclone mill to pass through a 1 mm 

screen. The ground sorghum was thoroughly mixed to ensure 

homogeneous sample and then packed (in duplicate) into the 

closed cups for presentation to the near infrared instrument. 

3.5.1.2. Spectral data collection 

Near infrared reflectance measurements were made using a 

Technicon InfraAlyzer model 500 spectrophotometer equipped with 

a Hewlett-Packard Micro 26 computer (Hewlett-Packard Company, 

Data Systems Division, 11000 Wolfe Road, Cupertino, CA 95014) 

and Technicon Software version 5, was used to record the 
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reflectance spectra of both whole and ground sorghum grain as 

log 1/R from 1100 to 2500 nm. Data from the spectral curve were 

collected at 4nm intervals. Two spectral curves for each sample 

were averaged by the computer before recording the data. 

3.5.1.3. Equation development and selection 

The Technicon software was used to select wavelengths 

and determine calibration coefficients by three approaches: 1) 

stepwise up regression from 1 to 6 wavelengths with iteration 

(Step 1), 2) stepwise up regression from 2 to 6 wavelengths 

with iteration (Step 2) and, 3) best possible combination of 2 

or 3 wavelengths (Step 3) . 

In step 1 and 2 an initial selection of 1 or 2 

wavelengths were made and then wavelengths were added by 

searching for the additional wavelengths which provide the most 

improvement in accuracy when added to the previous wavelengths. 

After selection of each additional wavelength one of the 

previously selected wavelengths was removed and another search 

performed to determine whether a better wavelength could be 

found. 

In the combination approach (Step 3), a search was made 

for the optimal combination of either 2 or 3 wavelengths and 

the best combination was selected on the basis of the 

statistics generated. Since combination searches are 

restricted to 100 data points, data was reduced to a 10nm 

interval for a scan taken from 1400 to 2400 nm. 

For each calibration set, the standard error of 
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calibration (SEC) was determined using the Technicon software 

version 5: 

where nA is the number of absorbance terms in the multiple 

-linear regression, nT is the number of calibration samples, Ci 

is the analyte concentration in the ith sample as determined by 

NIRS and Ci is the true concentration of the analyte in the 

sample. SEC is a measure of the variation about the line on 

which the points should lie (x = y) for a plot of the reference 

method values and the NIRS predicted values (Honigs et al 

1985) . SEC was used to judge the performance of the selected 

equation. Multiple correlation coefficient (R) and F value were 

determined for each calibration. 

An equation was selected from the several equations 

created during calibration by comparing the statistical 

information generated by the Technicon software. In general, 

the equations were chosen which had the highest (R), smallest 

SEC and the highest F value, while keeping in mind that it is 

usually desirable to have as few wavelength as possible in the 

equation. The specific form of the multiple regression 

equation used in this study was: 

Y = a + b 1l o g 1/ R (A. 1) + ..................... b n 1 o g 1/ R ( A.n ) 

where Y % protein or tannin, a = intercept constant from 
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regression, bn coefficient from the regression for each 

wavelength, log1/R (An) = relative reflectance of the sample 

compared to standard deviation for each wavelength. 

3.5.2. Verification 

In order to evaluate the calibration for accuracy and 

precision, another set of 20 samples, called the verification 

set of samples was selected for protein and tannin analysis by 

the NIRS. These samples conformed to the requirements as for 

the calibration set of samples discussed previously. These 

samples were run on the NIRS instrument and the protein or 

tannin predicted using the derived calibration equation. The 

standard error of prediction corrected for bias (SEPc) was 

determined using the Technicon software: 

SEPc = ~[ 1 L(Ci-ci -bias)2] 

nP-1 

where bias = 1 L ci-ci 

np 

np =number of prediction samples. 

The SEPc was then compared to the range of the constituent of 

interest as determined by the reference method. It was judged 

that a ratio >10 should be used for reliable prediction by 

NIRS. Correlation coefficient (r) between the NIRS and the 

reference methods was determined to check the accuracy of NIRS 

method. 
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4.RESULTS AND DISCUSSION 

4.1. Chemical analysis of protein and tannin in sorghum 

4.1.1. Modification of the Prussian blue assay 

The Prussian blue (PB) assay with an extraction time of 

1 min has been previously used to analyze sorghum grain with 

relatively low tannin content [2-3% by the vanillin 

hydrochloride (V-HC1/24hr) assay] (Price and Butler 1977) . To 

accomodate analysis of higher tannin content grains used in 

this study it was suspected that the extraction time would need 

to be extended. Extraction of sorghum line IS9613 (tannin 5.4%) 

with water for various time intervals showed that the 

extractable tannin content increased (about 7%) with extraction 

time and reached a maximum after an extraction time of 10 min 

(Figure 4.1). The results of an extraction time of 1 and 10 

min in the PB assay were compared for seven sorghum lines 

varying widely in tannin content determined by the V-HCl/24 hr 

assay (Table 4.1). Sorghum lines with tannin content values of 

up to 3% by the V-HC1/24hr assay showed no significant 

difference between 1 and 10 min extraction times in the PB 

assay. However, analysis of samples with 5.37% tannin content 

or greater using the V-HCl/24 hr assay showed that more tannin 

was extracted at 10 min than at 1 min in the PB assay. 

Therefore, for analysis of tannin content by the PB assay in 

this study, a 10 min extraction time was used. 
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Fig. 4.1. Relationship between extraction time and the percent tannin using 
the PB assay for sorghum line IS 9613. 
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TABLE 4.1 

Comparisona of Prussian Blue and V-HCl Assays for Seven Samples 

of Ground Sorghum grain 

Prussian blue methodb Vanillin-HCl methode 

Sorghum line 1 min 10 min 24 hr 

IS9747 0.09a 0.09a 0.00 
IS9185 0.26a 0.27a 1.03 
IS9645 0.38a 0.40a 2.22 
IS4342 0.44a 0.45a 3.00 
IS9613 0.64a 0.68b 5.37 
IS8953 1.22a 1.43b 11.0 
IS9215 1.70a 2.19b 18.1 

aMeans followed by the same letter in a row are not significantly 
different at the 5% level of probability. 

bExtraction with water. 
CExtraction with methanol. 
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The tannin content values obtained by the PB assay, 

using a 10 min extractlon time were consistently lower than 

those values obtained by the V-HCl/24 hr assay. According to 

Price and Butler (1977) the results from the PB and V-HCl 

assays are based on different chemical reactions. In the V-HCl 

assay the vanillin reacts with condensed tannins in the 

presence of HCl while the PB assay is based on the reduction by 

tannin and other polyphenols of ferric ion to ferrous ion, 

followed by the formation of a ferricyanide-ferrous ion 

complex. The latter assay gives a good estimate of relative 

polyphenol content for mixtures of anthocyanidins, since they 

are not likely to differ greatly in the extent to which they 

are oxidized by ferric ion (Earp et al 1981) . 

4.1.2. Tannin content of sorghum lines grown in 1984/85 

The tannin content (V-HCl/24 hr assay) of 62 sorghum 

lines grown in 1984/85 ranged from 0 to 18.1% (Appendix B). 

For the purpose of the development of a NIRS technique 

to measure sorghum tannin, 30 samples for the calibration set 

and 20 samples for the verification set were selected so that 

the tannin content (V-HC1/24hr assay) was uniformly distributed 

thoughout the range (Table 4.2). These samples were analyzed 

by the V-HC1/24hr, V-HCl/20 min, MV-HC1/24hr, MV-HCl/20 min and 

PB/10 min assays. Correlation coefficients between tannin 

values obtained by different methods ranged from 0.94 to 0.99 

(p < 0.05, Table 4.3). Values of tannin content for the MV-HCl 

assay at 24hr were much lower than at 20 min (Table 4.2). 
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TABLE 4.2 

Tannin Content of Sorghum Lines (1984/85 Crop Year) Used to 

Calibrate the NIR Instrument and Test the Performance of the 

Calibration Equation 

Method of Analysis 

Sorghum line V-HC1/24hr V-HC1/20min MV-HC1/24hr MV-HC1/20min PB/10 min 
(%) (%) (%) (%) (%) 

A. Lines Used to Calibrate the NIR INstrument <Calibration Set) 

IS9747 0.07 0.08 0.36 0.23 0.09 
IS2290 0.07 0.08 0.62 0.53 0.08 
IS2059 0.07 0.07 0.07 0.11 0.09 
IS967 6 0.07 0.06 0.70 0.83 0.09 
IS9865 0.19 0.18 0.81 1.08 0.12 
IS9179 0.25 0.21 0.37 0.51 0.15 
IS9701 0.67 0.57 0.52 0.84 0.23 
IS9689 0.76 0.60 0.63 0.81 0.22 
IS9185 1.02 0.80 0.74 1.01 0.27 
IS15622 1.09 0.90 0.80 1.10 0.22 
IS8186 1.47 1.13 1.09 1.70 0.27 
IS9267 2.02 1.64 1. 62 2.16 0.41 
IS9645 2.19 1.78 1.50 1.97 0.40 
IS9421 3.03 2 ·.40 1.79 2.31 0.45 
IS9450 3.07 2.49 1.74 2.32 0.46 
IS9041 3.89 3.11 2.22 2.99 0.52 
IS8142 4.09 3.30 3.03 3.81 0.56 
IS8971 4.12 3.33 2.62 3.47 0.57 
IS8183 4.18 3.31 2.52 3.16 0.51 
IS2837 4.83 3.82 3.02 4.19 0.59 
IS7675 5.02 4.01 3.94 4.96 0.72 
IS719 5.21 4.20 3.70 4.88 0.72 
IS9394 5.30 4.26 3.32 4.54 0.79 
IS8182 6.55 5.28 3.94 5.60 0.81 
IS4 714 7.22 5.73 0.33 0.42 0.95 
IS1296 7.27 5.80 4.23 5.95 0.88 
IS2761 8.58 6.86 5.03 6.49 1.24 
IS8953 10.7 8.57 7.04 8.89 1.48 
IS9215 14.1 11.4 9.37 12.1 2.06 
IS9215B 18.1 14.7 10.2 13.6 2.19 

LSD 0.10 0.12 0.19 0.10 0.08 

B. Lines Used to Test the Performance of the Calibration Equation 
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(Verification Set) 

IS12709 0.09 0.07 0.25 0.58 0.09 
IS8817 0.53 0.41 1.79 2.32 0.19 
IS8670 0.73 0.60 0.70 0.91 0.19 
IS7294 1.49 0.41 1.56 2.32 0.34 
IS8615 2.49 2.00 1.69 2.21 0.42 
IS16659 2.58 2.04 1.70 2.31 0.33 
IS4342 2.87 2.29 1.52 2.05 0.45 
IS7179 3. 2 6 2.64 1.82 2.36 0.44 
IS2284 3.30 2.61 1.98 2.92 0.42 
IS7321 3.44 2.78 1.69 2.26 0.48 
IS8984 3.55 2.85 2.18 2.88 0.55 
IS21045 3.96 3.16 2.59 3.33 0.43 
IS15236 4.79 3.87 3.25 4.48 0.75 
IS9613 5.25 4.22 3.09 3.92 0.71 
IS8214 5.30 4.30 3.18 4.05 0.74 
IS9046 5.51 4.44 4.50 5.87 0.78 
IS8890 7.63 6.12 4.72 6.22 0.96 
IS8869 8.29 6.67 4.99 6.51 1.09 
IS8880 9.19 7.42 6.43 7.79 1.24 
IS21031 9.77 6.64 6.50 8.51 1.33 

LSD 0.13 0.09 0.17 0.11 0.09 

a Catechin equivalents. 
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- TABLE 4.3 

Correlation Coefficients Between Tannin Analysis Determined by 

Five Chemical Methods 

V-Hcla V-HCl 

24 hr 20 min 

V-HCl/24 hr 0.99 

V-HCl/20 min 

MV-HCl/24 hr 

MV-HCl/20 min -

avanillin hydrochloride. 
bModified vanillin hydrochloride. 
Cprussian blue. 

24 hr 

0.95 

0.94 

MV-HCl 

20 min 10 min 

0.96 0.97 

0.95 0.97 

0.99 0.95 

0.95 
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Sorghum line IS4714, was unusual in that it was the only one 

which showed a decrease in tannin content values, when the 

MV-HCl was employed compared to the tannin values obtained by 

the V-HCl assay. This is an indication that the tannins in 

sorghum line IS4714 are quite different from tannins in other 

lines determined. The decrease in tannin values was due to 

insolubility of tannin or polymerization of tannins in acidic 

solutions (Earp et al 1981) . 

One disadvantage of the PB assay which measures total 

polyphenols, is that it involves formation of a complex which 

stains glass, thus necessitating extra care when cleaning 

laboratory glassware (Earp et al 1981, Price and Butler 1977) . 

The MV-HC1/24hr assay has two disadvantages; 1) significant day 

to day variation and 2) the length of time involved in 

analysis. According to Earp et al (1981), the V-HCl assays are 

considered to be the most sensitive methods in detecting 

differences in tannin content due to genotype. Also 

considering the analysis time, convenience and reproducibility, 

the V-HCl assay appears to be the most useful method for 

measuring tannin levels in the sorghum. 

4.1.3. Tannin content of dehulled sorghum lines 

Dehulling of sorghum in the TADD decreased the tannin 

content of the grain; longer dehulling times resulted in more 

kernel abrasion (Figure 4.2). The tannin content of sorghum 

line IS9487 (tannin 2.60%) was reduced to about 0.5% when 80% 

of the kernel was removed in 3 min. The tannin content of 
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sorghum line IS9613 decreased from 5.37 to 1.07 when 80% of 

the kernel was removed in 5.2 min. 

In commercial production, losses of up to 80% of the 

kernel would be totally unacceptable, because usually only 15 

to 20% of the seed is removed by dehulling. High-tannin sorghum 

(HTS) grains are generally soft and tend to be flat shaped, the 

bran layer does not peel uniformly and the floury endoserm is 

not completely surrounded by the corneous endosperm, especially 

around the hilium and germ (Rooney et al 1980) . The combined 

effect of the soft endosperm and the imperfect structure of the 

sorghum kernel resulted in inefficient removal of bran and loss 

of endosperm during dehulling with the TADD. High tannin 

sorghum lines are generally known to have poor dehulling 

characteristics (Shepherd 1981, Munck et al 1982, Scheuring et 

al 1983) . Reichert et al (1988) identified four high tannin 

sorghum lines (IS6902, IS8186, IS9700 and IS21045) which could 

be dehulled at 70% extraction rate and yielded flour which 

contained less than 0.5% tannin. The five sorghum lines with 

greater than 10% tannin could serve as raw material for 

industrial scale production of sorghum tannins. Access to 

these samples for use in this study was not possible and 

therefore, unselected high-tannin sorghum (HTS) lines were used 

to generate samples with varying tannin content. 



60 

4. 2. Application of NIRS for measuring protein and tannin 

content in sorghum lines 

4.2.1. Near infrared spectra 

4.2.1.1. Wbole and ground sorghum grain 

Reflectance spectra of whole and ground sorghum grain 

are shown for lines with low and high levels of tannin content 

(Figure 4.3). Generally, the spectral structure for the whole 

and ground grain is similar in the 1000 to 2400 nm region. 

However, in the region from 2000 to 2400 nm, there is more 

visible detail for whole sorghum grain than in the ground 

sorghum grain. 

4.2.1.2. Catechin. tannin and ground sorghum 

The reflectance (log 1/R) of ground sorghum, extracted 

tannin, and catechin are shown in Figure 4. 4. Definitive 

absorption maxima for ground sorghum were observed at 1200, 

1450, 1780, 1910 and 2100 nm, while the extracted tannin from 

sorghum grain showed absorption maxima at 1440, 1910 and 2120 

nm. Catechin showed absorption maxima at 1450, 1650, 1930, 

2120, 2300, and 2320 nm. The wavelengths 1910 and 2100nm 

appears to be the most useful wavelengths for tannin analysis 

in sorghum grain. 

4.2.2. Protein content of sorghum lines grown in 1983/84 and 

1984/85 

The range of protein content of 128 sorghum lines from 

the 1983/84 crop year was 7.4 to 16.7 (Appendix A), while the 
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range of protein content of 62 sorghum lines from the 1984/85 

crop year was 8.4 to 15.1 (Appendix B). 

For the purposes of the development of a NIRS technique 

to measure sorghum protein, 30 samples for the calibration set 

and 28 samples for the verification set were selected for the 

1983/84 crop year; for the 1984/85 crop year a calibration set 

of 30 samples and verification set of 20 samples were selected. 

The samples were selected in such a way that, the protein 

content was fairly uniformly distributed throughout the range 

(Tab 1 e 4 . 4 ) . 

4.2.3. Prediction of protein content using NIRS 

The protein content of sorghum samples used for the 

calibration and verification subsets in the 1983/84 and 1984/85 

crop years, respectively, was evenly distributed throughout the 

available range (Figures 4. SA and 4. 6A) . The range of 

protein content was representative of the range encountered 

in sorghum breeding programs (Wall and Paulis 1978) . The ratio 

of range to SD for the calibration set of the 1983/84 crop was 

44.1 (Figure 4.5A), while the value for the 1984/85 crop was 

133 (Figure 4.6A). In both subsets the ratio was considerably 

higher than the ratio of 20 which the instrument manufacturer 

considers to be the minimum value acceptable for attempting 

NIRS applications (Anon.,1980). Therefore, an attempt to use 

NIRS for protein analysis was warranted. 

To calibrate the near infrared instrument for protein 

analysis of sorghum grain several wavelength combinations were 
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TABLE 4.4 

Protein Content of Sorghum Lines Used to Calibrate the NIR 

Instrument and Test the Performance of the Calibration Equation 

1983/84 Crop Year 1984/85 Crop Year 

Sorghum line Protein (%) Sorghum line Protein (%) 

A. Lines Used to Calibrate the NIR Instrument (Calibration Set) 

IS10885 
IS15755 
IS12581 
IS1296 
IS15262 
IS9862 
IS15190 
IS9357 
IS8992 
IS9269 
IS8189 
IS9048B 
IS15622 
IS7032 
IS9041 
IS16424 
IS9645 
IS15252 
IS15108 
IS2864 
IS9787 
IS9606 
IS15895 
IS7775 
IS16159 
IS8292 
IS4342 
IS11531 
IS7294 

7.41 
7.70 
7.82 
7.98 
8.16 
8.31 
8.63 
8.99 
9.02 
9.12 
9.28 
9.93 
10.1 
10.3 
10.5 
10.7 
11.1 
11.2 
11.6 
11.9 
12.2 
12.9 
12.9 
13.0 
13.2 
14.2 
14.5 
14.6 
16 0 7 

IS16659 
IS14855 
IS8869 
IS8615 
IS9645 
IS8880 
IS2864 
IS21031 
IS8214 
IS9747 
IS8953B 
IS9865 
IS9701 
IS9869 
IS9421 
IS9862 
IS9046 
IS719 
IS9267 
IS8759 
IS9705 
IS8186 
IS8817 
IS9444 
IS4714 
IS8142 
IS9676 
IS2284 
IS21509 

8.44 
9.33 
9.43 
9.60 
9.69 
9.72 
9.88 
10.0 
10.3 
10.3 
10.3 
10.4 
10.5 
10.5 
10.6 
10.6 
10.8 
10.9 
11.3 
11.4 
11.6 
11.8 
11.9 
12.2 
12.6 
12.9 
13.1 
13.8 
15.1 

B. Lines used to Test the Performance of the Calibration Equation 
(Verification Set 

IS16059 
IS8869 
IS15739 
IS9270 
IS8911 

7.63 
7.80 
7.82 
8.32 
8.56 

IS94870 
IS8670 
IS9179 
IS12709 
IS2761 

8.99 
9.70 
9.84 
9.88 
10.4 
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IS9279 8.80 IS92153 10.7 
IS8961 8. 95 - IS2059 10.8 
IS16659 9.02 IS2837 11.1 
IS9001 9.29 IS552 11.3 
IS9927 9.43 IS8182 11.5 
IS3077 10.0 IS9185 11.8 
IS16467 10.1 IS8183 11.9 
IS8214 10.6 IS9606 11.9 
IS8996 10.9 IS15236 12.1 
IS12108 11.1 IS8890 12.2 
IS12127 11.5 IS8984 12.3 
IS3900 11.7 IS7179 12.9 
IS8984 12.0 IS9394 13.5 
IS9747 12.0 IS7321 13.6 
IS14855 12.2 IS21045 13.8 
IS15344 12.4 
IS15236 12.9 
IS9844 13.1 
IS9687 13.3 
IS9873 14.3 
IS2284 14.3 
IS2059 16.6 
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A. 
Calibration samples \ +) 

N 30 
Mean 10.9 
Range 9.29 

(7.41-16.7) 
so 0.21 

Range/SO 44.1 

8.0 9.0 10.0 

0/o Protein 

B. 
Calibration samples ( + ) 
SEPc 0.35 

0.99 

Verification samples (D) 
N 28 

Mean 10.9 
Range 8.97 

(7.63-16.6) 
so 0.19 

11.0 12.0 13.0 14.0 15.0 16.0 

(Kjeldahl Method) 

X=Y 
c 

Verification samples ( Cl) 
SEPc 0.43 
Range/SEPc 20.8 

0.99 

8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 
0/o Protein (Kjeldahl Method) 

Fig.4.5. Comparison of Kjeldahl and NIR methods of protein analysis in ground sorghum 
grain from the 1983/84 crop year. A. Plot of duplicate analysis for the Kjeldahl 
method. B. Plot of mean of the Kjeldahl determinations versus the NIR predicted 
values. 
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Fig. 4.6. Comparison of Kjeldahl and NIR methods of protein analysis in ground sorghum 
from the 1984/85 crop year. A. Plot of duplicate analysis for the Kjeldahl method. 
B. Plot of mean of the Kjeldahl determinations versus the NIR predicted values. 
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generated by the stepwise multiple regression using the 
-

calibration set of samples (Table 4.5). The best-fit equation 

selected to predict protein content of sorghum for the 1983/84 

crop year was: 

%Protein= 8.9910-1516.1 (A165o>+2779.7 (A169o)-1243.3 (A1740> 

where A = log 1/reflectance at the respective wavelength. 

In the 1984/85 crop year, the best-fit equation selected for 

predicting protein content in sorghum was: 

%Protein= 23.608-1424.6 (A2 15o)+1991.6 (A217o>-580.14 (A2230> 

The wavelengths selected to predict protein for both crop years 

were not the same. According to Mark and Workman ( 198 6) , 

wavelength searches performed on different data sets, will 

frequently result in different wavelengths being selected. 

This observation is caused by high intercorrelations that exist 

between absorbance values at different wavelengths which cause 

the noise characteristics of the data to become the factor 

determining the actual set that is chosen. Therefore, 

performing wavelength searches increases the probability of a 

wavelength set being selected that gives anomalously good 

results by chance alone, because the noise is being fitted, 

rather than the absorbance characteristics of the sample. 

The protein content of the verification sets of samples 

was determined by NIRS to check the performance of the best-fit 

equations (Figures 4.5B and 4.6B). The NIRS predicted protein 

content was significantly correlated (r = 0.99, p < 0.01, n = 

28 and r = 0.99, p < 0.01, n = 20) with Kjeldahl protein 

content for the 1983/84 and 1984/85 sorghum grain samples, 
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TABLE 4.5 

Wavelength Selection for Protein Prediction in Sorghum Grain 

Analyzed by the Kjeldahl Method 

1983/84 Crop Year 

Calibration 
Wavelength (run) 

Ra SECb F-Value 

Step 1C 1136 0.38 2.30 4.80 
1180 1228 0.96 0.64 1.99 
1180 1228 1344 0.97 0.53 194 
1180 1228 1844 2216 0.98 0.41 252 
1180 1228 1812 2152 1224 0.99 0.34 288 
1188 1228 1812 2152 2144 1224 0.99 0.31 281 

step 2d 1664 1672 0.97 0.52 305 
1664 1676 2292 0.98 0.42 310 
1664 1676 2256 1208 0.99 0.35 336 
1664 1676 2256 1208 2264 0.99 0.32 315 
1664 1675 2256 1208 2264 1216 0.99 0.27 318 

Step 3e 2140 2160 0.97 0.56 262 
*1650 1690 1740 0.98 0.37 411 

----------------------------------------------------------------------------
1984/85 Crop Year 

-----------------------------------------------------------------
Step 1C 2208 

2192 2116 
2168 2236 2144 
2168 2224 2144 1188 
2168 1224 2136 1188 
1258 1212 2144 1184 

step 2d 2128 2168 
2228 2172 2148 
2228 2178 2148 2216 
2228 1752 2152 2196 
2220 1752 2164 2196 

Step 3e 2130 2170 
*2150 2170 2230 

aMultiple correlation coefficient. 
bstandard error of calibration. 

0.59 1.29 15.4 
0.96 0.43 180 
0.98 0.26 344 
0.98 0.24 297 

1440 0.99 0.20 337 
2156 1436 0.99 0.15 497 

0.97 0.39 222 
0.98 0.25 364 
0.99 0.23 334 

1436 0.99 0.20 334 
1800 1764 0.99 0.15 479 

0.97 0.39 218 
0.98 0.24 376 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 



70 

respectively. The ratios of the range to SEPc for the 

verification subsets were 20.8 and 16.5 for the 1983/84 and 

1984/85 crop years, respectively. These ratios were 

considerably higher than the ratio of 10, which the instrument 

manufacturer considers acceptable for NIRS applications where 

accurate predictions are required (Anon., 1980) . The high 

values of the correlation coefficients, the low SEPc values 

{0. 43% and 0.28% for the 1983/84 and 1984/85 crop years, 

respectively), and the high ratio for the range to SEPc 

indicate that it is possible to accurately use the NIRS 

technique for analysis of ground sorghum grain for protein 

content. 

To determine the general applicability of the 

calibration equation for protein content, the equation derived 

with samples grown in 1984/85 was used to predict protein 

content of samples grown in 1983/84; the correlation between 

Kjeldahl protein and NIRS predicted protein was highly 

significant (r = 0.95, p < 0.01, n = 28, Figure 4.7) but it was 

somewhat lower than the correlation coefficient obtained when 

samples grown in 1983/84 were used to calibrate the instrument. 

Similarly the equation derived from samples grown in 1983/84 

was used to predict protein content of samples grown in 

1984/85; the correlation was highly significant (r = 0.981 p < 

0 . 0 1 1 n = 2 0 1 Figure 4 . 8 ) . 
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15 r 0.95 

SEPc 0.72 
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Fig. 4. 7. Verification plot for protein content of 28 samples of sorghum from the 1983/84 
crop year based on calibrating the NIR instrument with samples from the 1984/85 
crop year. 
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Fig. 4.8. Verification plot for protein content of 20 samples of sorghum from the 1984/85 

crop year based on calibrating the NIR instrument with samples from the 1983/84 
crop year. 
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-
4.2.4. Prediction of tannin content using NIRS 

4.2.4.1. Tannin content of whole grain from yarious sorghum 

lines <v-HC1/24hr used as reference method) 

The tannin content of whole sorghum samples used for the 

calibration and verification sets was relatively evenly 

distributed from about 0 to 10% tannin, however, only three 

samples out of 50 contained more than 10% tannin (Figure 4.9A). 

The ratio of the range to SD for calibration set was 142; this 

value was considerably higher than the ratio of 20 therefore 

calibration of the NIRS instrument was possible. 

To calibrate the NIRS instrument for tannin analysis of 

whole grain, several wavelength combinations were generated by 

the stepwise multiple regression using the calibration set of 

samples (Table 4.6). The best-fit equation selected to predict 

tannin content of whole sorghum grain was: 

%Tannin= 17.70+1099.0(A1824)+826.04(A1668)+2472.9(A1872) 

-4395.8 (A1824) . 

where A= logl/reflectance at respective wavelengths. 

The tannin content of the verification set of samples 

was determined by NIRS to check the performance of the best-fit 

equation (Figure 4.9B). The NIRS predicted tannin content was 

significantly correlated (r = 0.66, p < 0.01, n = 20) with the 

V-HC1/24hr tannin content. The low value of the correlation 

coefficient, the high SEPc value (3.54%), and the low ratio 

(2.82) of range to SEPc suggests that the NIRS technique is of 

little or no value for analysis of tannin content of whole 
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18 A. 
WIDE RANGE (Tannin= 0.07- 18.8) 

Calibration samples ( +) 
N 30 

16 Mean 4.22 
Range 18.2 

14 (0.00-18.2) 
so 0.13 -'-
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> -c 8 
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~ 0 
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N 20 
Mean 4.24 
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so 0.14 
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0/o Tannin (V-HCI/24 hr) 
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17 SEPc 0.27 0 
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Range/SEPc 2.82 
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o/o Tannin (V-HCI/24 hr) 

=ig. 4.9. Comparison of V-HCI/24 hr and NIR methods of tannin analysis (wide range) in whole 
sorghum grain from the 1984/85 crop year. A. Plot of duplicate analysis for the V-HCII 24 
hr method. B. Plot of mean of the V-HCI/24 hr determinations versus the NIR values. 
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TABLE 4.6 

Wavelength Selection for Tannin Prediction in Whole Sorghum Grain 

(1984/85 Crop Year) Analyzed by the V-HC1/24hr Method 

Wavelength (run) 

Step 1c 1260 
1656 1660 
1652 1660 1876 
1728 1668 1872 1824 
1732 1668 1872 1824 
1732 1668 1872 1824 

step 2d 1658 1660 
1652 1660 1876 
*1728 1668 1872 1824 
1732 1668 1872 1824 
1732 1668 1872 1824 

Step 3e 1470 2000 

aMultiple correlation coefficient. 
bstandard error of calibration. 

Calibration 

Ra SECb F-Value 

0.40 4.04 5.60 
0.86 2.25 40.6 
0.89 2.05 34.7 
0.96 1.27 78.7 

1416 0.97 1.10 86.0 
1416 1664 0.97 1.09 73.1 

0.86 2.25 40.1 
0.89 2.05 34.7 
0.96 1.27 78.7 

1416 0.97 1.10 86.0 
1416 1664 0.97 1.09 73.1 

0.88 2.07 50.6 

cFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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uniformity nature of the sorghum grains. It could be improved 

by grinding to uniform particle size. 

4.2.4.2. Tannin content of qround qrain from yarious sorqhum 

lines 

The distribution of tannin content among the sorghum 

lines used in this study showed a very wide range (0.0 to 

18.1%), using the vanillin assay. Although Mwasaru (1985), 

identified some varieties with a tannin content greater than 

10%, approximately 85% of the 1768 varieties which he tested 

had tannin content of less than 5%. Therefore, the application 

of NIRS was attempted on samples covering both the entire range 

of tannin content and a narrow range, which represents the type 

of samples most frequently encountered in practice. 

4.2.4.2.1. Wide range of tannin content 

Five reference methods were used to determine tannin 

content of sorghum lines covering the whole range of 0 to 18.1% 

as determined by the vanillin assay with an extraction time of 

24 hr. 

4.2.4.2.1.1. V-HCl assay used as the reference method 

The tannin content of ground sorghum samples used for 

the calibration and verification set for the V-HCl/24 hr assay 

was relatively evenly distributed from about 0 to 10% tannin; 

however, only three samples out of 50 contained more than 10% 

tannin (Figure 4.10A). The V-HCl/20 min assay on the same 
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WIDE RANGE ( Tannin =0.07 - 18.8 ) 

A. 
Calibration samples ( -r ) 

N 30 
Mean 4.17 
Range 18.0 

(0.00-18.0) 
so 0.05 

Range/SO 360 

Verification samples (D) 
N 20 

Mean 4.20 
Range 9.68 

(0.09-9. 77) 
so 0.06 

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 
0/o Tannin (V-HCI/24 hr) 

B. 
Calibration samples ( +) 
SEPc 1.80 

0.92 

D 

+ 

Verification samples ( D ) 
SEPc 1.44 
Range/SEPc 6. 72 

0.86 

+ 

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 
0/o Tannin (V-HCI/24 hr) 

·g. 4.1 0. Comparison of V-HCI/24 hr and NIR methods of tannin analysis (wide range) in ground 
sorghum grain from the 1984/85 crop year. A. Plot of duplicate analysis for the V-HCI/24hr 
method. B. Plot of mean of the V-HCI/24hr determinations versus the NIR predicted values. 
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WIDE RANGE ( Tannin = 0.07 - 18.8 ) 
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ig. 4.11. Comparison of V-HCI/20 min and NIR methods of tannin analysis (wide range) in 
ground sorghum grain from the 1984/85 crop year.A. Plot of duplicate analysis 
for the V-HCI/20 min method. B. Plot of mean of the V-HCI/20 min determinations 
versus theNIR predicted values. 
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samples showed that tannin content was relatively evenly 

distributed from 0 to 8% tannin; only three samples out of 50 

contained more than 8% tannin (Figure 4.11A). The ratio of the 

range to SD of the calibration set for the v- HCl/24 hr assay 

was 360 (Figure 4 .lOA), while the value for the V-HCl/20 min 

assay was 184 (Figure 4.11A). 

To calibrate the near infrared instrument for tannin 

analysis of ground sorghum grain, several wavelength 

combinations were generated by the stepwise multiple regression 

using the calibration set of samples for both assays (Tables 

4.7 and 4.8). The best-fit equation selected to predict tannin 

content of sorghum based on the V-HC1/24hr assay was : 

%Tannin= 17.640+2471.9 (A2oso)-4561.9 (A2o7o>+2115.5 (A212o> 

Based on the V-HCl/20 min assay, the best-fit equation for 

predicting tannin content in sorghum was : 

% Tannin= 13.901+1982.8 (A2oso>-3674.4 (A2o7o>+1712.1 (A212o>. 

The wavelengths selected to predict tannin content in both 

assays were the same, although the regression coefficients were 

different. 

The tannin content of the verification sets of samples 

was determined by NIRS to check the performance of the best-fit 

equations (Figure 4.10B and 4.11B). The NIRS predicted tannin 

content was significantly correlated (r = 0.86, p < O.Ol,n = 20 

and r = 0.99, p < 0.01, n = 20) with V-HCl/24 hr and V-HCl/20 

min tannin content, respectively. The low values of the 

correlation coefficient, the high SEPc values of 1.44 and 1.09% 

and the ratios for the range to SEPc were 6.72 and 6.74 for the 
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TABLE 4.7 

Wavelength Selection for Tannin Prediction (over a Wide Range) in 

Ground Sorghum Grain (1984/85 Crop Year) Analyzed by the 

V-HC1/24hr Method 

Wavelength (run) 

Step 1C 1568 
1648 1652 
1648 1652 1952 
1648 1652 1952 1904 
1636 1644 1932 1916 
1636 1656 1932 1912 

Step 2d 2100 2116 
2100 2116 1952 
2100 2116 1944 1912 
2100 . 2116 1932 1912 
2100 2116 1916 1912 

Step 3e 2100 2070 
*2100 2070 2120 

aMultiple correlation coefficient. 
bstandard error of calibration. 

Calibration 

Ra SECb F-Value 

0.63 3.39 19.4 
0.84 2.37 34.7 
0.86 2.29 25.9 
0.89 2.10 78.9 

1104 0.93 1.66 24.4 
1232 1412 0.97 1.17 34.4 

0.90 1.96 61.3 
0.90 1.92 56.5 
0.91 1.86 40.2 

2096 0.92 1.79 32.7 
2096 2104 0.93 1.73 28.9 

0.89 1.98 55.0 
0.91 1.91 41.2 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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TABLE 4.8 

Wavelength Selection for Tannin Prediction (over a Wide Range) in 

Ground Sorghum Grain (1984/85 Crop Year) Analyzed by the V-HCl/20 

min Method 

Wavelength (run) 

Step 1C 1568 
1648 1652 
1648 1652 1952 
1648 1652 1952 1904 
1608 1620 1920 1912 
1608 1620 1920 1912 

Step 2d 2100 2116 
2100 2116 1952 
2100 2116 1944 1912 
2100 2116 1932 1912 
2100 2116 1916 1912 

Step 3e 2100 2020 
*2050 2070 2120 

aMultiple correlation coefficient. 
bstandard error of calibration. 

Calibration 

Ra SECb F-Value 

0.64 2.73 19.3 
0.84 1.91 34.6 
0.86 1.84 25.8 
0.89 1.69 24.6 

1104 0.94 1.29 37.6 
1360 1412 0.96 0.99 55.3 

0.89 1.58 56.8 
0.90 1.54 40.5 
0.92 1.49 33.3 

2096 0.93 1.43 29.5 
2096 2104 0.93 1.38 26.7 

0.89 1.60 55.5 
0.91 1.53 41.6 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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V-HCl/24 hr and V-HCl/20 min assay, respectively; demonstrate 

that the NIRS technique is of limited value for analysis of 

tannin content of ground sorghum grain. The technique would not 

be useful for measurement of tannin where precision is 

required, however it could be useful in a screening program to 

group sorghum samples into a few categories (low, medium and 

high tannin content) . 

4.2.4.2.1.2. MV-HCl assay used as the reference method 

The tannin content of ground sorghum samples used for 

the calibration and verification sets for the MV-HCl/24 hr and 

MV-HCl/20 min assays were relatively evenly distributed from 

about 0 to 7% tannin; only two samples out of 50 determined by 

the MV-HCl/24 hr assay, and four samples out of 50 determined 

by the MV-HCl/20 min assay, contained more than 7% tannin 

(Figures 4.12A and 4.13A). The ratio of the range to SD of the 

calibration set for the MV-HCl/24 hr assay was 80 (Figure 

4.12A), while the value for the MV-HCl/20 min assay was 269 

(Figure 4 .13 A) . 

To calibrate the near infrared instrument for tannin 

analysis of ground sorghum grain, several wavelength 

combinations were generated by the stepwise multiple regression 

using the calibration set of samples for both assays (Tables 

4.9 and 4.10). The best-fit equation selected to predict tannin 

content of sorghum based on the MV-HCl/24 hr assay was: 

% Tannin= 5.979-1410.5 (A 2100)+3587.3 ( A214o)-2191.3 (A2150) 

Based on the MV-HCl/20 min assay, the best-fit equation for 
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~· 4.12. Comparison of MV-HCI/24hr and NIR methods of tannin analysis (wide range) in 
ground sorghum grain from the 1984/85 crop year. A. Plot of duplicate analysis 
for MV-HCI/24hrmethod. B. Plot of mean of the MV-HCI/24hr determinations 
versus NIR predicted values. 
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A. WIDE RANGE (Tannin= 0.07-18.8) 
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(0.11-13.6) 
so 0.05 
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o/o Tannin (MV-HCI/20 min) 
ig. 4.13. Comparison of MV-HCI/20 min and NIR methods of tannin analysis (wide range) in 

ground sorghum from the 1984/85 crop year. A. Plot of duplicate analysis for the 
MV-HCI/20 min method. B. Plot of the mean of the MV-HCI/20 min determination 
versus the NIR predicted values. 
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TABLE 4.9 

Wavelength Selection for Tannin Prediction (over a Wide Range) in 

Ground Sorghum Grain (1984/85 Crop Year) Analyzed by the 

MV-HCl/24 hr Method 

Wavelength (run) 

Step 1C 1568 
1644 1652 
1524 1654 1932 
1524 1672 1932 1892 
1500 1672 1816 1884 
1852 1676 1828 1408 

step 2d 2084 2132 
2084 2132 1936 
2080 2132 2480 2496 
2076 2132 2480 2496 
2076 2132 2480 2496 

Step 3e 2090 2120 
*2100 2140 2150 

aMultiple correlation coefficient. 
bstandard error of calibration. 

1768 
1768 

1896 
1908 

Calibration 

Ra SECb F-Value 

0.65 1.98 20.6 
0.91 1.06 71.3 
0.94 0.88 73.3 
0.95 0.78 72.3 
0.98 0.55 120 

1140 0.98 0.46 143 
0.96 0.72 166 
0.96 0.68 125 
0.97 0.63 113 
0.98 0.42 169 

1912 0.98 0.42 168 
0.96 0.74 158 
0.97 0.65 139 

cFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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TABLE 4.10 

Wavelength Selection for Tannin Prediction (over a Wide Range) in 

Ground Sorghum Grain (1984/85 Crop Year) Analyzed by the 

MV-HCl/20 min Method 

Wavelength (run) 

Step 1C 1568 
1644 1652 
1516 1664 1932 
1816 1664 1884 1708 
1808 1656 1876 1708 
1808 1660 1876 1708 

Step 2d 2084 2132 
2084 2132 1936 
2076 2136 2480 2496 
2072 2140 2480 2496 
2071 2140 2480 2496 

Step 3e 2090 2120 
*2100 2140 2150 

aMultiple correlation coefficient. 
bstandard error of calibration. 

1104 
1104 

1892 
1884 

Calibration 

Ra SECb F-Value 

0.64 2.63 19.5 
0.91 1.43 66.4 
0.93 1.23 63.3 
0.97 0.83 111 
0.98 0.64 154 

1116 0.98 0.60 146 
0.95 0.98 155 
0.96 0.95 111 
0.97 0.81 120 
0.98 0.61 168 

1104 0.99 0.57 164 
0.95 1.00 147 
0.97 0.89 128 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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predicting tannin content in sorghum was: 

%Tannin= 6.7750-1856.6 (A2 1oo>+4729.1 { A214o)-2889.4 {A21so> 

The equations selected for prediction of tannin content in both 

assays, utilized the same wavelengths although the regression 

coefficients were different. 

The tannin content of the verification sets of samples 

was determined by NIRS to check the performance of the best-fit 

equations (Figures 4.12B and 4.13B). The NIRS predicted tannin 

content was significantly correlated (r = 0.93, p < 0.01, n = 

20 and r = 0.91, p < 0.01, n = 20) with MV-HCl/24 hr and 

MV-HCl/20 min tannin content, respectively. The ratio for the 

range to SEPc for the verification set were 10.0 and 9.84 for 

the MV-HC1/24hr and MV-HCl/20 min assays respectively. The high 

values of correlation coefficients, the low SEPc values 0.67% 

and 0.86% for MV-HC1/24hr and MV-HC1/20min assays, 

respectively, and the high ratio for the range to SEPc indicate 

that it is possible to use the NIRS technique for analysis of 

ground sorghum grain for tannin content. 

4.2.4.2.1.3. PB assay used as the reference method 

The tannin content of ground sorghum samples used for 

the calibration and verification set was evenly distributed 

from about 0 to 1.40% tannin; however, only one sample out of 

50 contained more than 1.40% tannin {Figure 4.14A). The ratio 

of the range to SD for the calibration set was 49.5; higher 

than the ratio of 20. 

To calibrate the near infrared instrument for tannin 
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WIDE RANGE (Tannin= 0.07-18.8) 
Calibration samples (+) 
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Mean 0.53 
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(0.08-2.06) 
so 0.04 

Range/SO 49.5 
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Verification samples (D) 
SEPc 0.16 
Range/SEPc 7. 75 

0.92 
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Fig. 4.14. Comparison of PB I 10 min and NIR methods of tannin analysis in ground sorghum 
grain from the 1984185 crop year. A. Plot of duplicate analysis for the PB I 10 min 
method.B. Plot of mean of the PB I 10 min determinations versus the NIR predicted 
values. 
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TABLE 4.11 

Wavelength Selection for Tannin Prediction (over a Wide Range) in 

Ground Sorghum Grain (1984/85 Crop Year) Analyzed by the PB/10 

min Method 

Wavelength (run) 

Step 1C 1584 
1640 1652 
1640 1652 1620 
1640 1652 1536 1512 
1640 1652 1528 1512 
1640 1652 1528 1512 

step 2d 2072 2140 
2072 2140 2428 
2072 2140 1412 1416 
2068 2140 1412 1416 
2068 2140 1412 1416 

Step 3e *2070 2140 
2100 2150 2160 

aMultiple correlation coefficient. 
bstandard error of calibration. 

Calibration 

Ra SECb F-Value 

0.63 0.36 17.0 
0.88 0.22 41.9 
0.91 0.20 38.0 
0.94 0.16 45.0 

1664 0.95 0.14 48.5 
1664 1124 0.97 0.11 63.4 

0.92 0.18 69.9 
0.93 0.17 49.2 
0.95 0.15 50.9 

1424 0.95 0.15 44.2 
1424 2292 0.95 0.14 38.6 

0.92 0.18 69.8 
0.93 0.16 57.5 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 



89 

analysis of ground sorghum grain several wavelength 

combinations were generated by the stepwise multiple regression 

using the calibration set of samples (Table 4.11). The best-fit 

equation selected to predict tannin content in sorghum was : 

% Tannin= 3.223-189.59 (A212o)+742.38 (A215o)-560.62 (A2160>. 

The tannin content of the verification set of samples 

was determined to check the performance of the best-fit 

equation (Figure 4.14B). The NIRS predicted tannin content was 

significantly correlated (r = 0.92, p < 0.01, n = 20) with the 

PB/10 min tannin content. The ratio (7. 7 5) of the range to 

SEPc for the verification set and SEPc of 0.16%, suggests that 

the NIRS technique is only useful for measurement of tannin by 

the Prussian blue assay where precision is not required, i.e. 

in a screening program to group sorghum samples into a few 

categories (eg. low, medium and high tannin content). 

4. 2. 4. 2. 2. Narrow range !V-HCl/2 4hr used as the reference 

method) 

The application of NIRS over a narrow range of tannin 

content was tested since the . practical range of tannin 

content is from 0 to 5% (Reichert et al 1988). The tannin 

content of ground sorghum samples used for the calibration and 

verification set was evenly distributed throughout the 

available range (Figure 4.15A). The ratio of the range to SD 

for the calibration set was 69, therefore samples could be used 

for calibration. 

To calibrate the near infrared instrument for tannin 
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1. 4.15. Comparison of V-HCI/24 hr and NIR methods of tannin analysis (narrow range) in 
ground sorghum grain from the 1984/85 crop year. A. Plot of duplicate analysis for the 
V-HCI/24hr method. B. Plot of mean of the V-HCI/24 hr determinations 
versus the NIR predicted values. 
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TABLE 4.12 
-

Wavelength Selection for Tannin Prediction (over a Wide Range) in 

Ground Sorghum Grain (1984/85 Crop Year) Analyzed by the V-HCl/24 

hr Method 

Wavelength (run) 

Step 1C 1132 
1124 1112 
1136 1112 1308 
1136 1100 1308 1312 
1136 1100 1308 1312 
1136 1100 1308 1312 

Step 2d 2100 2120 
2100 2120 2448 
2100 2120 2448 2452 
2100 2108 2448 2452 
2100 2108 2448 2452 

Step 3e *2100 2120 
1650 1660 1840 

aMultiple correlation coefficient. 
bstandard error of calibration. 

Calibration 

Ra SECb F-Value 

0.22 1.57 0.90 
0.72 1.15 9.26 
0.90 0.72 24.3 
0.95 0.52 38.7 

1148 0.96 0.45 42.8 
1152 1172 0.98 0.32 72.1 

0.90 0.69 39.6 
0.91 0.67 29.1 
0.93 0.63 24.9 

1672 0.95 0.58 24.7 
1604 1588 0.96 0.46 34.2 

0.91 0.70 39.7 
0.93 0.65 31.5 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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analysis of ground sorghum grain several wavelength 

combinations were generated by the stepwise multiple regression 

using the calibration set of samples (Table 4.12). The best-fit 

equation selected to predict tannin content of ground sorghum 

grain was: 

% Tannin = - 0.5380 - 2303.2 (A2100) - 2306.0 (A-2120). 

The tannin content of the verification set of samples 

was determined by NIRS to check the performance of the best-fit 

equation (Figure 4.15B). The NIRS predicted tannin content was 

significantly correlated (r = 0.61, p < 0.01, n = 20) with the 

V-HCl/24 hr tannin content. The low value of the correlation 

coefficient, the high SEPc value (1.32%) and low ratio of the 

range to SEPc (3.55) for the verification set demonstrate that 

the NIRS technique is of little value for analysis of tannin 

content of ground sorghum grain over a narrow range of tannin 

content. 

4. 2. 4. 3. Tannin content of dehulled sorghum grain from line 

IS9487 and IS9613 CV-HCl/24 hr used as the reference method) 

The tannin content of progressively dehulled ground 

sorghum lines IS9487 and IS9613 were evenly distributed 

throughout the available range (Figures 4.16A and 4.17A). The 

ratio of range to SD for the calibration set for line IS9487 

was 40.8 (Figure 4.16A), while the value for the line IS9613 

was 24.0 (Figure 4 .1 7A) . In both subsets the ratios were 

considerably higher than the ratio of 20, therefore calibration 

was possible. 
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Fig. 4.16. Comparison of V-HCI/ 24 hr and NIR methods of tannin analysis in dehulled 
sorghum(IS 9487).A. Plot of duplicate analysis for the V-HCI/ 24 hr method. B. Plot 
of the mean of the V-HCI/24 hr determinations versus the NIR predicted values 
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Fig. 4.17. Comparison of V-HCI/ 24 hr and NIR methods of tannin analysis in dehulled 
sorghum( IS 9613). A. Plot of duplicate analysis for the V-HCI/ 24 hr method. B. Plot 
of the mean of the V-HCI/ 24 hr determinations versus the NIR predicted values. 
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To calibrate the near infrared instrument for tannin 

analysis of progressively dehulled and ground grain, several 

wavelength combinations were generated by the stepwise multiple 

regressionusing the calibration sets of samples (Table 4.13). 

The best-fit equation selected to predict tannin content of 

progressively dehulled sorghum line IS9487 was : 

%Tannin= 4.5020+471.24 (A1 6so)-1280.4 (A170o>+811.08 (A1730>. 

The best-fit equation selected for predicting tannin content of 

progressively dehulled sorghum line IS9613 was: 

% Tannin=- 16.992 + 1654.0 ( A1730> - 1599.2 

The tannin content of the verification sets of samples 

was determined by NIRS to check the performance of the best-fit 

equations (Figures 4.16B and 4.17B). The NIRS predicted tannin 

content was significantly correlated with the V-HCl/24 hr 

tannin content for line IS9487 and IS9613 (r = 0.99, p < 0.01, 

n = 20 and r = 0.95, p < 0.01, n = 26), respectively. The ratio 

of the range to SEPc for the verification set for line IS9487 

was 19.1 while the value for line IS9613 was 11.3. The high 

values of the correlation coefficients, low SEPc values of 

0.11% and 0.35%, and high ratio of the range to SEPc for lines 

IS9487 and IS9613, respectively, indicate that it is possible 

to accurately use the NIRS technique for accurate analysis of 

tannin content in ground dehulled sorghum grain. 

To determine the general applicability of the 

calibration equation for tannin content, the equation derived 

for samples generated from sorghum line IS9613 was used to 
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TABLE 4.13 

Wavelength Selection for Tannin Prediction in Dehulled and Ground 

Sorghum Grain from the 1984/85 Crop Year Analyzed by the 

V-HC1/24hr Method 

IS9487, tannin 2.58 % 

Calibration 
Wavelength (run) 

Ra SECb F-Value 

Step 1C 2092 0.91 0.26 150 
2108 2132 0.98 0.13 402 
1668 1604 1584 0.99 0.08 636 
1668 1604 1584 1652 0.99 0.08 552 
1672 1724 1788 1652 1700 0.99 0.05 837 
1672 1732 1788 1652 1700 1884 0.99 0.05 875 

Step 2d 1648 1664 0.99 0.10 689 
1648 1668 1424 0.99 0.09 557 
1648 1668 1424 1848 0.99 0.08 464 
1624 1664 1428 1852 1652 0.99 0.07 592 
1620 1664 1412 1852 1788 1180 0.99 0.06 619 

Step 3e 1650 1670 0.99 0.10 692 
*1680 1700 1730 0.99 0.07 822 

----------------------------------------------------------------------------
IS9613, tannin = 5.14 g,. 

0 

-----------------------------------------------------------------
Step 1C 2092 

2100 2264 
2108 2272 2132 
2108 2272 2132 2124 
2112 2264 2132 2236 
2112 2264 2132 2236 

Step 2d 1728 1800 
1732 1808 1432 
1732 1808 1432 1604 
1732 1808 1432 1600 
1732 1804 1432 1596 

Step 3e *1730 1800 
1430 1730 1800 

aMultiple correlation coefficient. 
bstandard error of calibration. 

0.73 0.86 28.2 
0.97 0.30 203 
0.97 0.27 164 
0.98 0.26 138 

2192 0.98 0.19 201 
2192 2240 0.99 0.18 192 

0.97 0.25 290 
0.97 0.25 238 
0.99 0.20 230 

1736 0.98 0.19 200 
1724 1720 0.98 0.16 233 

0.98 0.25 294 
0.98 0.24 216 

CFoward step regression with iteration. 
dBest pair followed by foward step regression with iteration. 
eBest combination of two wavelengths. 
*Equation chosen for prediction. 
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predict tannin content of samples generated from sorghum line 
-

IS9487; the correlation between V-HC1/24hr tannin and NIRS 

predicted tannin was highly significant r = 0.97, p < 0.01, n 

= 20) . Similarly the equation derived from samples generated 

from sorghum line IS9487 was used to predict tannin content of 

samples generated from sorghum line IS9613; the correlation 

between V-HCl/24 hr tannin and NIRS was significant (r = 0.94, 

p < 0.01, n = 26). Based on these results, a dehulling plant, 

processing more than one variety of sorghum, would require 

calibration for each variety, since the tannins in each variety 

appear to respond differently to NIRS calibration. 
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5. SUMMARY AND CONCLUSIONS 

Tannin content of sorghum was determined using five 

different assays namely V-HCl/24 hr, V-HCl/20 min, MV-HCl/24 

hr, MV-HCl/20 min and PB/10 min. The correlation coefficients 

between the methods ranged from 0.94 to 0.99 (p < 0.01). An 

extraction time of 10 min in the PB assay was adopted to 

accomodate sorghum samples with high tannin content. The 

protein content of sorghum grain was determined by the Kjeldahl 

method and the range was 7.4 to 16.7% for the 1983/84 crop 

year, and 8.4 to 15.1% for the 1984/85 crop year. 

The results of this study indicate that NIRS can be used 

successfully to determine protein content in ground sorghum 

grain. The SEPc, ratio of range/SEPc and r for the 1983/84 

verification set were 0.43%, 20.8 and 0.99 (p < 0.01, n = 28), 

while those for the 1984/85 verification set were 0.28%, 16.5 

and 0.99 (p < 0.01, n = 20), respectively. When the 1983/84 

prediction equation was used to predict protein content in the 

1984/85 verification set the SEPc, ratio of range/SEPc and r 

were 0.35%, 13.8 and 0.98 (p < 0.01, n = 20), respectively. 

Likewise when the 1984/85 prediction equation was applied to 

the 1983/84 verification set the SEPc, ratio of range/SEPc and 

r were 0.75%, 12.4 and 0.95 (p < 0.01, n = 28), respectively. 

Tannin content was predicted using NIRS in whole and 

ground grain. The NIBS-predicted tannin content of sorghum was 

compared to the tannin values obtained by five reference 

methods (Appendix C) . The prediction of tannin content was 

better for ground sorghum samples with an extremely wide range 
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of tannin content (0 to 18.1%) than for samples with a narrow 

range of tannin content (0 to 5%) when the V-HCl/24 hr assay 

was used as the reference method. 

Table 5.1 summarizes the performance of the NIRS method 

for tannin analysis in sorghum when five reference methods were 

used. The low r, high SEPc and low ratio of range/SEPc for the 

whole sorghum grain indicates that the technique was not 

suitable for tannin analysis in whole sorghum grain. Grinding 

of the grain resulted in a lower SEPc, higher ratio of 

range/SEPc and higher correlations compared to the whole 

sorghum grain. The average ratio of range to SEPc was less 

than 10 for all the reference methods used for tannin analysis; 

therefore, the NIRS technique cannot be used to predict tannin 

content in ground sorghum grain where good precision is 

required. However, it may be useful in screening programs to 

group sorghum varieties into a few categories (low, medium and 

high tannin) . 

Tannin content of progressively dehulled sorghum grains 

was predicted accurately by NIRS. The SEPc, range/SEPc and r 

for line IS9487 were 0.11%, 19.1 and 0.99 (p < 0.01, n = 20), 

while for line IS9613 verification set were 0.35%, 11·.3 and 

0.95 (p < 0.01, n = 26), respectively. When the prediction 

equation for sorghum line IS9487 was used to predict tannin 

content in sorghum line IS9613 the SEPc was 0.69%, ratio of 

range/SEPc was 5.70 and r = 0.94 (p < 0.01, n = 26). Likewise 

when the equation for sorghum line IS9613 was used to predict 

tannin content in sorghum line IS9487 verification set, the 
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TABLE 5.1 

Comparison of NIRS Predicted Values and Tannin Values Obtained by 

Five Methods for the Verification Set of Sorghum Samples 

Whole grain 

Ground grain (wide-

range of tannin) 

Ground grain (narrow-

range of tannin) 

Dehulled grain 

IS9487 

IS9613 

Chemical Method/ 

Extraction time 

V-HC1/24hr 

V-HC1/24hr 

V-HC1/20min 

MV-HC1/24hr 

MV-HC1/20min 

PB/10min 

V-HC1/24hr 

V-HC1/24hr 

V-HC1/24hr 

SEPcb Range/SEPc 

(%} 

0.66** 3.54 

0.86** 1.44 

0.86** 1.09 

0.93** 0.67 

0.91** 0.86 

0.91** 0.16 

0.61** 1.32 

0.99** 0.11 

0.95** 0.35 

2.82 

6.72 

6.74 

10.0 

9.84 

7.75 

3.55 

19.1 

11.3 

acorrelation coefficient between tannin values obtained by the 
chemical and NIR methods. 

bstandard error of prediction which was corrected for machine 
bias. 

**significant at 1% probability level. 
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SEPc was 0.84%, ratio of range/SEPc was 2.70 and r = 0.97 (p < 

0. 01, n = 20) . These- results indicate that, although NIRS 

could be used to predict tannin content in progressively 

dehulled sorghum grain the technique appears to work better 

when only one variety is involved. This was evident by the 

high SEPc, and low ratios of range/SEPc obtained when the 

prediction equations for both lines were used interchangeably. 

More work is required to determine the robustness of this 

application. 

In conclusion, this study indicates that NIRS can be 

used to determine protein content of ground sorghum and may be 

applicable to the determination of tannin content of 

progressively dehulled sorghum grains. Although NIRS 

measurements of tannin content in ground sorghum may not be 

satisfactory for precise laboratory analyses, such a rapid 

method could still be of practical use for screening work to 

group sorghum varieties into categories (eg. low, medium and 

high tannin) . 
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Appendix A 
Tannin and protein content -of sorghum grain grown in the 1983/84 

crop year 

Line % Tannin % Protein Line % Tannin % Protein 

IS 14855 0.02 12.02 IS 15737 0.84 7.82 
IS 405 0.04 9.79 IS 552 0.86 12.2 
IS 2290 0.04 11.9 IS 15780 0.88 9.76 
IS 9357 0.05 8.99 IS 7069 1.00 8.81 
IS 9606 0.05 12.9 IS 9308 1.00 8.97 
IS 2059 0.05 16.6 IS 16424 1.05 10.7 
IS 14385 0.06 11.1 IS 15108 1.11 11.6 
IS 10885 0.06 7.41 IS 9645 1.21 11.1 
IS 12709 0.06 12.1 IS 15698 1.22 8.82 
IS 3900 0.06 11.7 IS 7294 1.24 16.7 
IS 3077 0.07 10.0 IS 15185 1.25 11.7 
IS 12108 0.08 11.1 IS 15344 1.30 12.4 
IS 9955 0.09 9.64 IS 15402 1.40 11.4 
IS 9927 0.09 9.43 IS 15262 1.44 8.16 
IS 9179 0.09 11.8 IS 8615 1.50 9.21 
IS 9444 0.10 9.27 IS 9930 1.57 9.34 
IS 858 0.10 8.45 IS 15214 1.57 9.65 
IS 9787 0.11 12.2 IS 9279 1.58 8.80 
IS9676 0.12 11.7 IS 9772 1.63 11.0 
IS 9756 0.13 10.3 IS 15755 1.64 7.70 
IS9865 0.13 9.35 IS 9687 1.70 13.3 
IS 9747 0.13 12.0 IS 16659 1.71 9.02 
IS 15530 0.14 8.85 IS 12527 1.72 10.8 
IS 2633 0.14 11.5 IS 12127 1.73 11.5 
IS 12575 0.15 8.11 IS 15425 1.74 9.98 
IS 9934 0.16 12.9 IS 15554 1.79 9.13 
IS 8292 0.16 14.2 IS 2301 1.80 8.49 
IS 7032 0.19 10.3 IS 15190 1.80 8.63 
IS 1119 0.20 10.4 IS 9270 1.81 8.32 
IS 8759 0.21 13.6 IS 10338 1.84 8.95 
IS 2864 0.30 11.9 IS 2617 1.87 8.77 
IS 9873 0.31 14.3 IS 2284 1.95 14.3 
IS 9936 0.37 11.2 IS 16059 2.01 7.63 
IS 9862 0.37 8.31 IS 8993 2.06 9.35 
IS 15895 0.46 12.9 IS 9314 2.10 8.08 
IS 9844 0.49 13.1 IS 8183 2.32 13.7 
IS 7440 0.51 10.5 IS 4342 2.33 14.5 
IS 9701 0.58 11.7 IS 12626 2.45 10.5 
IS 15622 0. 62 10.1 IS 14972 2.54 9.84 
IS 15327 0.78 10.8 IS 8971 2.55 8.20 
IS 15624 0.79 7.84 IS 9421 2.68 10.4 
IS 16159 0.81 13.2 IS 15849 2.68 12.3 
IS 15227 0.82 11.1 IS 8155 5.69 8. 62 
IS 28262 2.71 8.57 
IS8996 2.81 10.9 



1 1 1 

IS 9001 2.85 9.29 
IS 7775 3.03 13.0 
IS 9041 3.08 10.5 
IS10942 3.30 10.5 
IS8992 3.41 9.02 
IS 9133 3.49 11.1 
IS 16467 3.51 10.1 
IS 2837 3.64 10.3 
IS 4714 3.69 10.2 
IS 15843 3.69 11.8 
IS 20970 3.75 9.66 
IS 9045 3.80 12.2 
IS 16044 3.84 8.39 
IS 8961 3.89 8.95 
IS 8984 3.95 12.0 
IS 707 4.31 10.3 
IS 9041b 4.36 8.94 
IS 8960 4.53 8.69 
IS 8214 4.53 10.6 
IS 4226 4.53 9.72 
IS 12581 4.54 7.82 
IS 9040 4.67 8.64 
IS 9394 4.73 10.3 
IS 1296 4.77 7.98 
IS 9048 4.85 9.89 
IS 719 4.86 9.44 
IS 8816 4.94 9.59 
IS 9269 5.03 9.12 
IS 9042 5.26 9.69 
IS 9046 5.28 10.2 
IS 15236 5.66 12.9 
IS 8840 6.03 8.06 
IS 9048b 6.26 9.93 
IS 9215 6.85 8.58 
IS 8869 7.25 7.80 
IS 8890 7.53 11.7 
IS 9169 7.58 8.24 
IS 8911 9.24 8.56 
IS 21031 9.80 9.15 
IS 8759 14.5 8.76 
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Appendix B 
Tannin and protein content- of sorghum grain grown in the 1984/85 

crop year 

Line % Tannin % Protein Line % Tannin % Protein 

IS 9747 0.00 10.3 IS 2837 4.78 11.1 
IS 9676 0.09 13.1 IS 15236 4.84 12.1 
IS 3539 0.09 9.70 IS 8214 5.33 10.3 
IS 2290 0.09 9.65 IS 9613 5.37 11.0 
IS 2059 0.11 10.8 IS 9394 5.39 13.5 
IS 12709 0.12 9.88 IS 719 5.47 10.9 
IS 9444 0.14 12.2 IS 7675 5.61 12.2 
IS 9606 0.16 11.9 IS 9046 5.71 10.8 
IS 9865 0.20 10.4 IS 8182 6.79 11.5 
IS 21509 0.23 15.1 IS 1296 7.10 10.5 
IS 8759 0.23 11.4 IS 4714 7.33 12.6 
IS 9197 0.28 9.84 IS 8890 7.41 12.2 
IS 14855 0.31 9.33 IS 8869 8.19 9.43 
IS 9862 0.63 10.6 IS 2761 8.82 10.4 
IS 8817 0.66 12.0 IS 8880 9.30 9.72 
IS 9701 0.68 10.5 IS 8953 11.0 10.3 
IS 8670 0.75 9.70 IS 21031 10.1 10.0 
IS 552 0.81 11.3 IS 9215 14.0 10.7 
IS 9689 0.82 10.5 IS 9215b 18.2 10.7 
IS 9858 0.86 10.4 
IS970.5 0.90 11.6 
IS 2864 0.99 9.88 
IS 15622 0.99 9.62 
IS 9185 1.03 11.8 
IS 7294 1.33 14.5 
IS 8186 1.47 11.8 
IS 9267 2.04 11.3 
IS 9645 2.22 9.69 
IS 8615 2.38 9.60 
IS 16659 2.61 8.44 
IS 9487 2.90 8.99 
IS 4342 3.00 12.8 
IS 9480 3.01 10.3 
IS 9421 3.07 10.6 
IS 2284 3.21 13.8 
IS 7321 3.32 13.6 
IS 7179 3.36 12.9 
IS 8984 3.67 12.3 
IS 9041 3.76 11.4 
IS 21045 4.04 13.8 
IS 8142 4.05 12.9 
IS 8971 4.11 10.6 
IS 8183 4.22 11.9 



Appendix C 

The Chemical and IIIR Predicted Values of Tannin Content of Sorghum lines Used to Test the Perfonnance of the 

Caltbration Equations for Whole and Ground Grain with Wfde and Nurow Ranges of Tannin Content 

Whole Grain Ground GraIn 

Method of Analvsfs 

Wide Ranqe of Tannin Uarrow RanQe of Taunin 

Sorghum V-11Cla/24hr IIIR V-UCI/24hr IIIR V-IICI/20min IHR HV-tlCib/24hr tiiR HV-IfC1/20min IHR PBc/lOmin fHR Sorghum V-li~l/24hr lliR 
I ine (:.) ( ~) (~) p.) (:) (:.) (t) (l) (:0) (:) (:) (:) line (:) I I (:;j 

IS IIUHBER IS IWH6£R 

12709 0.12 3.01 0.09 1.24 0.05 0.99 0.25 0.98 0.58 1.29 0.09 0.18 l290 0.09 0. 79 
8817 0.66 -2.04 0.53 2.61 0.41 2.14 I. 79 2.18 2.32 2.95 0.19 0.25 12709 0.12 1.oe 
8670. 0.75 9.15 0.73 4.39 0.60 3.51 0.70 1.80 . o. 91 2.43 0.19 0.31 9444 0.14 -1.38 
72~4 1.33 ~.62 I. 49 3.76 0.4) 2.96 ). 56 1.30 2.32 l. 70 0.34 0.28 9606 0.16 l. 24 1-' 

8615 2.36 4.04 2.49 1.80 2.00 1.47 1.69 l. 71 2.21 2.32 0.42 0.35 21509 0.21 C.l!> 1-' 

)6659 2.6) 2.56 2.58 2.95 2.04 2.41 1.70 2.56 2.31 J.l2 0.31 0.13 8759 0.21 4.35 w 
43~2 3.00 ~.70 2.87 4.41 2.29 3.53 l. 52 1.99 2.05 2.63 0.45 0.37 8817 0.66 2. 79 
1179 3.36 4.41 3.26 4.70 ·2.64 3.75 1.82 2.21 2.36 1.69 0.44 0.36 552 0.61 l.09 
2284 3.21 4.70 3.30 3.50 2.61 2.79 l. 98 l.Jl 2.92 ).59 0.42 0.12 9056 0.86 0.03 
1n1 3.32 12 .l 3.44 7.40 2.76 5.93 1.69 3.60 2.26 4.73 0.46 0.59 7294 l.ll 2.ll 
8904 3.67 -2.23 3.55 5.04 2.85 4.71 2. )8 2.68 2.88 3.54 0.55 0.72 8J86 1.47 ).6) 

21045 4.04 1. 76 j,96 6.20 3.16 4.96 2.59 2.45 3.33 3.30 0. 43 . 0.36 9645 2.22 2.73 
15236 4.84 2.fl 4.79 6.16 J.e1 4.93 3.25 3.43 4.48 4.47 0.75 0.59 16659 2.61 2.2! 
96ll 5.37 8.28 5.25 6.06 4.22 6.49 3.09 3.64 3.92 4.78 0.68 0.69 4342 3.00 2. 70 
8214 5.33 14 .l 5.30 6.59 '4.30 5.31 J. )6 4.17 4.05 5.]9 0.74 ).00 9400 3.01 2.75 
9046 5.71 6.98 5.51 6. )0 4.44 4.92 4.50 4.26 5.67 5.59 0. 76 0.65 9421 3.07 2.86 
6890 7. 4 I 9.79 7.63 7.71 6.12 6.21 4.72 5.15 6.22 6.74 0.96 1.04 il19 3.36 2.28 
8069 e.l9 6.~1 8.29 8.05 6.67 6.49 4.99 4.81 . 6.51 6.22 1.09 1.19 21045 4.04 4.4 3 
8880 9.30 . 11.6 9.19 7.90 7.42 6.39 6.41 6.08 7.79 7.96 · 1. 24 l.ll 8142 4.05 3.25 

21031 10.1 15.0 9.77 9.14 6.64 ].31 6.50 5.82 8.51 7.58 1.33 1.34 2837 4.78 1.96 

a Vanillin hydrochloride assay. 

b Hodifted vanillin hydrochloride assay. 
c Prussian Blue assay. 
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