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1O. Abmtrmet (o Ilonal - 291 v-ord 1 t)-

The productivity of sorghum is to some extent dependent'-bn Chemicals" T--he p-lnt--­
tissue that confer defense mechanisms against herbivores, fungal pathogens, and
 
parasitic weeds. 
 However, these defense chemicals limit the utilization of sorghum
 
as humon food. 
 Cultivars that lack these defense mechanisms are often too vulnerable
 
to yield losses for their widnspread cultivation. An important group of defense
 
chemicals in sorghum is the polyphenols, particularly flavonoids and their oligomers,

the condensed tannins. 
Out of the rich variety of polyphenols produced by sorghum

individual components responsible for particular typeo of resistance 
are being identi­
fied. Tt is now possible to screen 
sorghums for optimum polyphenol composition and to

improve the nutritional vaiue without losing pest resistance. Methods are being de­
veloped to generate and propagate, in tissue culturc, polyphenol-rich cultivars, and
 
variants in respect of polyphenol metabolism that are suitable for wider cultivation.
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The Role of Polyphenols in the Utilization
 
of ICRISAT-mandated Grain Crops

and Applications of Biotechnology
 

for Improved Utilization
 

L.C. Butler' 

A bstract 

Thie productivity ofsorg/uni is to some extent dependent upon chemicals in the plant tissue that
conlrdelene rnechanisn.% ; ,ainstherhivores, imnal pathogens.and parasitic weeds. However,
tles def'ense cheInte'ak limit the utili/ationolsolhum ais hunian food. Cultivars that lack these(IelciniC rneChanin.s are oltcn too vuhlerable to i'ichl losses 1fr their wilespread cultivation. Anilhlortantgroup of delencchemicals ini sorghum is the polvphenols, paiticular'l fla vonoids andtheir oliotners, the condetised tannins. Out ot the rieh variety ol'poltphenol.s produced hi'
sorehumn. indit ihal coplllonlents respionsihle for particular types of resistance are being identi­lied. /I is no l possible to screen sotghutns for optinunpotl.vhenol contipositionand to improve
the nutritional value without losing pest resistance. Afethods are being tieveloped togenerate and
prolacate, in tissue culture. Polvp/henol-rich cultivars. and variants in respect of polyphenel
nettabolisn that are suitable for wider cultivation. 

Introduction 

pollphenols are compounds having two or morephenolic hydroxyl groups substituted on aromatic 
rinv so ctures. Animals cannot synthesize poly-
phtotls Irlo nonaromaitic preculsors, but plants
syntihesie a wide variety of polyphenols. The najor 
groups include flavonoids. tannins, and lignin. Plic-
nolic acids are usually considered with the poly-
phellols although several of iltem have only a single
phenolic hydroxyl group. 

Plant polyphenols are not directly involved in 
metabolic pathways for growth and reproduction. 
and are therefore considered to be 'secondary' 
metabolites. Most polyphenols have no well-estab-
lished function, but man\ are considered to play a 
role in defending the plant against the (nslaught of 
herhisores, pathogens, and competitors. At least 
partly because of their lack of a clearly defined 
metabolic role, as well as the difficulty of isolating
and characteriiing them, relatively little is known 

1. I 

about plant polyphenols, compared with other major 
components of plants. 

Sorghum is capable of producing larger amountsof polvphenols than most other plants (Butler, in 
press). In addition to the condensed tannins for 
which its seeds are well known, sorghum has the 
capacity to produce i rich variety of flavonoids, 
some quite unusual and most not identified (Butler,
in press). Millet would seem to be similarly depend­
cut on chemical defenses, but millet has received less 
attention than sorghum in this respect. Even less is 
known about the polyphenols of the other crops of 
I'RISAT's mandate. The methodology developed
and tile results obtained from studies of sorghum 
polyphenols should be applicable to the other crops 
of I('RISAT's mandate. 

()wing to the harmful effects that at least some 
polyphenols can produce when eaten, the capacity to 
synthesi/e large amounts of polyplienols tends to be 
eliminated during the domestication of the plant
(Harborne 1982). Their absence improves the food 
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value, hut may render tileplant vulnerahle to he ri-
Vorcs.pathogens, or compelitos to which Its undo-
mrnsticated ancestort s eClreresistant. III the case of 
snrtehuoL. culti,.arsr ontaining levowels of Ipols-
pliciols,1have beel developed. Ile ha\c dcesirahle 
chalactcristics tor use a, food or lecd. hit they can-
not he reliahl\ cultivated In solle areas hucalise ot 
\ticlrahilit\ to I'ol-ilatel .\1\llious pcsts. ev 
after hlng (ltrelsticatili.~ s+org.1hiinl cijltis ars thatlreta in dierathlc 

, 

plant competitors (Net/Ir and Butler 1980). 1hle 
parasilic Stria apparently has adapted to the alc­
lopathic dCfense chemical, ulililing its unstable 
p-ulsor as a host-specilic recognition signal. Stlll­
_gis for controlling .Slra hy ttli/ing this poly­
phcnol and(lit r Iewl discosered chemical signals 
het\\een .Stll'a and itshost are beting developed. 

p.hnolliol-,,,,t hei.'igl dh.'c- UIilization Constraints for which 
si,eciapahilit, are still asailahle. I liese culti,.ar, ae 

, 

v IO \II III il''l A I d Cutll]lU .,+ i1. l~ i ,,iOCIu"lc
 

It is the task of tire phlnttCioo to devise 
appopli:tc rutl odloguics. 1),
\',lect.c getclic 'mod-
iticatiot oftile plat or. h\ irlosti.processn.ni tt 

ltuiiiitt Cr eliminatC IrehaitilnItritional faltucs if 
the pil ph ntils tf crop plnti . iicluding thise ii 
IRI.SAIs tal.lldatl,%tttn0t cirMrlprilItisings tile 

,,
resusLItice it tlre plants. ,ticce+, Illthi , clldeiotr 
,tild greiitly expand tire arcas ttt Africa xxhreCthe 

high-.,diri ar nitriiMirrillk aiCCpTlahlc sOIrghiiii 
cirrud thcpitdlccd. Sirilmir ihu tits shmild be ptssi-
hi t.e tith i ops. 

Agronomic Effects of Plant 
Polylphenols 

IFtiduetion ctnstraint, tf s,,glrutn for which pitl ­

plicils c(iltititlte tioresistaiit' include graill losses 
due ti predalttr, hirds (MIcMliIlian et if. 1972). grain 
irnldirig OIIarris and Itirtis 1973). preharvest ,e'd 

germinatiton t Harris and Bur i,,1970f), iIsect leeding 
tin setllins W dhead and ('oii ipr-l)ricf 1979. 

)iex ,r et al. l98.and intfectirn ol scedling , by 
ftultrual putItLCis and ttI rpttItguII,, (Nicholsonr ct 
inl..
I plres). 
\Wc hiaxc recirtl, found that the parasitic \cd 


Sla.xMhich is ou o the laitior productit col-

strtnits tf sirghum arltither ,crrs iti parts oI 

Africa. iltiliiCs a uniLue iil\,phct.Itl exuded ItrIt 

stir1hti1 rtols it,,a germruination sigal. This pth.­
pheril is tle dihydliquintc o sirrurlconne. a 
hydriphtbic cfiintric thfiat xe havC ide'ntified as tire 
nlaior compiornent o the tril\ root exudate o st-
ghltu roothairs ((hang lal.1986). lhis ficrical is 
implicated ill signaling germuination of Stria seds. 
Ithas vcry Ii, soluhilit ii ssalcr and is chenicallk 
ver\ utinstable. Ioth these characteristkicstelISure the 
germiratuion itt any Strga seeds ilclose proximity tn 
tiletost,aId leave otlers doirtmlatit for stbscquetit 
seasons. Another agronomically heneficial effect of 
sorgolnrone is inhibition o ritt elongation ofcertain 
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Polyphenols ade Responsible 

I on ciiltivars of sorfihtm f.elheuringeut al. 1982) 
and millet ( Reichert ct al. 19)80. Reddy et al. 19M6,. 

lyl,phieolscontrlhtcco]s', and orlistes thatarc 
gencrally perceicd to diminish palatahility. With 
respect tt tiutritiinal \alitle. condensed lannins tf 
sirrliim sc'-l (ahsent inimllt)arc olten assiociated 
\with diminiished weight gains ainid feed eflicicicics of 
animals oi experitnental (]its (ullcr clal.19x8(. It 
is Iutally assumud that tIe amliritritiitil eellccl 
assOCtialCd \1ith high-tannin StiM Iinsare (fue t0 
itllihitiun of digestiorl h\ the dicir[V taliii, hitl 
Ih re..
is little solid cviden.c ftur this Ieclialrisni. [:\i­
deuce isaccrititlating that Ie intuuitritirial effect,, 
rm\ largel hedieti itfihitin of nictahilicitilii­
t nitdigested aru absulhid hidtiIl Is(Mchallshi 
et if. 1987). S mic tl ire iriitiitritiolial effect, t 

high-tarnin sorghiuns dii nut appear tithe due titi 
,
poIt IIIric milecules lix\riillll bill tIoissiociated 

mtileiilar weeight flavionids more rea,ily absorh.d 
Iruim tie intestine (Mehanshto et il.1987). 

riom our recent work it is clear that ptlyphettls 
ill tie let ,,iould have truuch mitre severe anitinulli­
titlrlal effects itit were itt lot specilic prolitue-ritfh. 
ainii-hinding pri teins presetit inlthesaliva of most 

animals that conisutmie polyplreniil-cottaining loods 
(Mchansho et al. 1987). I lesec specialied proteins 
firIl strmngt-complexes 6. dietary polyphenols asith 
siooirt as they enter the digestive tract, diminishitg 
hutiinot eliminating their antiirutritioral effects. 

App.ications of Biotechnology 
to these Constraints 

'lie prohlem of antinutritional polyphenols itnsotr­
ghutim cannot be solved solely hy (levelpiig culti­
ars how in total polyphlenuls. Such cultivars are 

availahle, but are too vulnerable to pests to be pro­
duced i1sote areas. Iliour laboratory we are 
attenmlpting to identify specific polyphrenols that are 
resptnsihle for, or contribute to. particular agro­

http:culti,.ar


noriric alvantages or nutrihional disadvantages. We 
would dso like to determine the biochemical m tcl-
anism,, of these polyphenol effects, and learn as 
much as possihle abO)ut the biosynthesis of theSe 
specific polyplhen.s and row it is regulated. It mav 
ther be possihl to u:c ioderni bioteclrnological 
mrethods to control ofr regulate tle produCtin Of 
indi idull polyphenols. or groups of polyphenols. 
that arc cspcciailvl beneficial to the plant or epe-
cialll\ haririll ini the die. 

Iis appioach can be successhrl oinly' if different 
pl) phenois are rcs'minsible lot tIhe be rlicial agro-
iltoiic effects and tlie hailiflul nutritioral eflfects. 
()ti eCarls restill,ssigest thai tins is Ie case, tiat tire 

pol phenols respoinsible lor irtinuritlioral efleclsalu 
nirihl tbe elinrinated without leaxirg tire crorp too 
x ulicrahle. Ior exaiple. Ire polyrer"ic condensed 
tariris char acleristic of tie seed of 'bird-resistant' 
,,Alre xitLuallv absCll froit tire seed at tire 
milk ,tage. M\hrcit birds tend to do) iO ,l il tirir 
danrrage. I lie 'h irld esistlancc' ,CeCns toIle die to 
sholtl. Iloxel-Irruoecrtlal-x\trihhl precuisors of the 
pollllrers foound iii iaturic Seed (IlLuter I 02). if 
thCes ire thIe plvlnrers thai arc largely responsible 
for tIe antiltritional effects of Iigh-tannin sorgih-
rr1N. then inhibition or elirminatirn ofil the i'vrrne 
that poly i*rrr i/cs tIle precrist , ,or shouildf irrproxe tIle 
1iitilit)ioral \alllc orf tle vrairn \without leaxing it 
xrulnruabh. to burns. uhWe\ir recentlx idenitied polo.-
I)henlll ursidas as being at least palrtill\ respoisible
Iou the polyrieri/aion anird \c arc seeking irears of 
courtrolline its actixit\. Ideitilication of a particu-
larl\ crucial cii/\ime, especially (rile thrat is alreadx+ 
a\arlable sri that anlibodies could be generated and 
ured It) identifx in vitro Irans':iti r piodurcts, open 
orbsousotpportrrllities, apply nolecular hiology to 
the p]o-bleuli. 

()thrcr exaiiples oftlle associatiorn oufspecific plrv-
piernls xih particrilar agrornomric benefits are lie 
flaxan-4-ols. Ihtese are morionrici fla iltoids that 
are exrrelltlv rale. Sorrnlrlnnr i,, the olv ereal (actl-
all1 tire ornlrillototcl ftrtun \ro ich Itle\' have so far 
been positci\lx' identilied. ()rre of them. ihiteotcorl., 
Was reported front sorgliri seeds by Blate-Sirith 

969). We found that apiorol. which has oe less 
hr x.yvlthan luteolrrrol. is relatixelx'abundant amid 
is present in leal tissie as \\llel, seed (\Watterson aid 
Bullet I983). [laxar-4-orls. \\ hieh are inherited in-
dependently ol cronrdeirsed tarrnins (Watterson ind 
lutiler 1983), have no kiro\ it antinuitritionral effects, 

Althouh ori rrrtarly Work suiggeste(d I relationship 
between flavarr-4-ol conteint and bird resistance 
(Subranranian et al. 1983). it was recertly found tat 

resistance to grain molding. rather than to birds, is 
associated with high Flavao-4-ol content (Jambula­
th;an ot al. 19X6). [yVci more recilt studies. some 
with l( IISAI lolaboriatois. hvie revealed thIt it is 
probably not the flvan-4-ols tlriiselves that are 
respoinsibil: for rLsistancc Itograin rolds, but rather 
a scries of flavarioids tlhat are metabolically and 
clenricall\ closely' related to tie faxvan-4-ols. 'hese 
coirpoulents rna\ ble la aloncs. II addition to polv­
phenol" associated with agronomic benelits, we are 
atterrrpti!ig. *,,,ti-ioL pol\.ph'nol comirponents re­
spoiible for antirrutritiorual elfects. Tie low-niolec­
ular-ciglrh flax moroid fraction froln Luebraohio was 
c\ci iriore effective as air atirruiititral agent iilrat 
diets than was the high-nolecular-weiglht polymer
fraclioln (Mehanisho et ail. 1987). lhis experiment 
Iras not vtet be'ir done with sorgl mil, but preliminary 
obseiratioir suggest prourforird effects iforigh-tantiih 
solruri,, lol ietabolic piraleter-s slch ias urinary 
xlrolllnie. Reports of signilicant effects ol phltolic 
dettilication enivires (Sell and Rogler 1983 sug­
gest ti,:t phenolic components ofl sorghtin are 
absor'hed roli irle digestixe tract and stronglylffect 
rle'aolisir. 

()ri approach to applying biotechniology to the 
illiprloxiltl ol sorghumir utiliation begins with 
cllaacteri/ing as coilretlel\ as poussible its individ­
nral polp hhnol cumpornentsvwith respect to their 
henelicial rrr harful roles. hiis is presently one olf 
out rrrafor emphlrases. Onct particularly significant
pulx phenol cormuponeits have beeni identified, we 
dc\ehop conrixnient assays for themi so that breeders 
can utlili/e these resuilts in plant-breeding programs. 
We are just begiinirg to he able to survey sorgrlirir 
eutilxars for tire optimirum corriplement of' polv­
phrerol cornpotnents. 

()urtcurrent approach to active manipulation of 
sorghlium in order to optihli/e its polyphenol coipo­
sition inIivles ti ue cultuire of high-tarni getllo­
types. Most high-tannin soirg inus grown as callus 
tissue produce irrassive amiiorunits of polyplenols in 
initraceliular ntunlbranie-bttlnd inclusion bodies (Ob­
ertiluir et al. 1983). Our observations suiggest that 
these inclision bodies eventually rupture and spill 
oit their polypheiolic corutents, which appear to be 
toxic to the cells that produiced then. Oul rf' tire 
dving cutire sx'e rescue cells that can be cultured 
fuirlher, presumrably because tire\, have a diminished 
capacity to produce toxic polyplirtlols, or because 
thley are more resistant to theim. These cultures are of 
considerable interest with respect to their possible 
resistance to birds, molds. and otiher pests and tie 
nutritional value. Ili1986 we have learned how to 



regenerate these calli into plantlets (Cai et al. 1987). 
The most difficult step is not regeneration but devel-
opment of aviable root systen. We are now evaluat-
ing. in tile fiel, plants produced from tile seed of 
hIndreds of regenerated plants. This tissue-culture 
system appears to la e adVantages for isolation of 
variants that may have uselul characteristics wi:h 
respect to polyplhenol production. 

Wc are also interested in the possibility of modify-
ing sorghum's conplement of polyphenols by direct 
manipulation of itf,genrmte. [lavonoid metabolism 
in sorgluni appears to diler considerably from 
other pl.ints in that tie tnusuai hydroxylation at the 
carbon 4, instead of carbon 3, seems to predonl;naite 
in the mononreric flavotoids bit not in the pol.-
nertic ones. A great deal of characteriati,:, of the 
en/vnles of lla.'onoid biosynthesis must be carried 
out before attempting to manipulate tile genome 
directly. 

Processing Technology for 
Polyphenol-rich Sorghums 

Instead of modifying tile sorglun plant so that it 
does not produce antinutritional polyphenols, con-
siderableeffort has gone into nodifyingthe polyphe-
nol-rich sorghum grain to elinlinate or inactivate the 
polyphenols. [he widely practiced process of decor-
ticationu by pounding the grain in acrude niortar and 
pestle renloves tannin rather elfectively iul nutrients 
are also lost (Chibber el itl. 1978). Seeking a less 
labor-intensi\e and nutrient-depleting method lor 
improving the nutritional \aloe of high-tannin sor-
glln, we found that noistCning the grain with 
aqueous alkalies several hours before utili/ation 
eflectivelv eliminates tile anntinutritional effects of 
tannin. The treatmnent has no elfect oi the Lutri-
tionalal ltle Ifl tanrtln-tree sorghum (Price et l. 
1979). Animonia is tile most effective alkali, proba-
bly because it penetrates the grain more rapidly than 
other alkalies. Nothing is reno\ed from the grain by 
the treatment; presunlabl. the polyphenols undergo 
oxidative polynerization into nutritionally inactive 
forns in tile alkaline enviroiment. The detoxifica-
lion process requires water, for anlhlydroLis ammonia 
is far less effective than dilute aqueotis ammonia. 
The treatment is much miore effcctive on whole grain 
than oil ground grain. Apparently the deleterious 
interaction of the polyphienols with other compo-
nents of the seed is enhanced by grinding the grain, 
The alkaline treatment darkens the color of most 
sorglum cultivars. Wild birds tend to choose am-

moniated high-tannin sorghum over the untreated 
to'rn of the same cultivar. Tliese results have been 
sunmaried (Butler, in press) elsewhere. 

lhbibition of' high-tannin sorghum grain with 
aqueous alkalies is an important step in the tradi­
tional processing oflhigh-tannin sorghums of eastern 
Africa. In Rwanda, Burundi. and some districts of 
UJganda most sorghun produced is very high In 
tannin. The predominant sorghun product of this 
region is a beer that contains all the grain. This 
product is fed to children before it ferments into 
beer. An early step ill tile production of traditional 
beer involves mixing the high-tannin grain with 
wood asles, wetting th mixture and leaving it over­
fiight. We found that this processing step with aque­
ous alkalies extracted Iron tlie ashes very effectively 
detoxifies tile antintutritiotal eflects of the high­
tannin sorghum. Clearly, our newly discovered 
detoxification tcchntlogy was merely the chemical 
rationaliiation of a traditional methodology. 

Musalac , a popular nontraditional food deve­
loped in Burundi for mothers and infants, contatis 
35('/ sorghum., in addititn to maize, soy protein, dry 
milk solids, and sugar. [lie sorghum utilized is the 
locally produced type, high in tannin and not tre-ited 
with \wood ash in the traditional manlier as is done 
for making beer. Otit alvses indicated that tile 
level of tannin in tile final product was sufficiently 
high to produce significant antinutritional effects. 
ihis is particularly tlifo'rtullate ill a food specially 
recoimended for nutritionally vulnerable segments 
off the population. Following imiy recoimmendation, 
Musalac'" has been prepared, on atn experimental 
basis, fron sorghum detoxified by the traditional 
wood-ash treatment. Tests are Under way tI deter­
mine if the anticipated improvement in its ntutri­
tional quality warrants the extra processing step. 

I hesitated to include this alkali-detoxification 
story because it does not involve tie use of advanced 
biotechnological methods. but rather the rational 
application of time-honored traditional methodol­
ogy. 1decided to include it because it contains an 
important message for tile biotcchnologist seeking 
to improve food quahty and enhance utilization (If 
traditional crop,. We would do well to ,.arefully 
examine traditional production and utilization tie­
thods. Although the traditional farmer or consumer 
may not be able to artictilate a scientifically vlid 
rationaliation of why lie dics what lie does, I have 
come to believe from this, and several other exam­
pies, that we have much to learn from methods 
maintained through many generations of sorghum 
production and utilization. Combining modern bio­



technology with traditional methodology may prove 
to be a powerful means of improving sorghum. 
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