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INTRODUCTION

Sorghum is the common name given to Sorghum bloolor (L.)

Moenoh. It is the third leading cereal crop produced in the United

States and ranks fifth behind rice, wheat, corn, and barley in

total world production (Hahn et al 1984). Sorghum is used primari-

ly for feed in the United States. However, it is a staple food in

many African countries and some countries of Asia, Central America

and the Middle East. Approximately 300 million people rely on

sorghum for their sustenance. A potential export market, therefore,

exists for sorghum produced in the United States. The U.S. is the

leading country in the production of sorghum and also is the prin-

cipal sorghum exporting country. Export trade, however, demands

that sorghum grain must meet a variety of criteria not encountered

in domestic sales for feed. These criteria include color, good

millability , and freedom from kernel deterioration.

Throughout the world, a barrier to the production of sorghum

grain of ideal quality is grain deterioration, caused largely by

fungal invasion of the kernel. Deterioration has a number of

negative consequences for the grain (Glueck et al 1978). Yield is

diminished. The processing properties, handling characteristics

and storage properties are altered, and the grains' acceptability

as food is reduced severely.

It is evident that sorghum grain from some (but not all)

oultivars is less severely damaged by fungi than others. There-

fore, sorghum varieties vary in their ability to resist fungal

invasion. The resistance mechanism is not understood but it is

known that high-tannin sorghum varieties are often relatively more
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resistant to fungi, bacteria, and viruses (Friend 1977, and Kosuge

1969), birds (Bullard and Elias 1980, and Butler 1982), and insects

(Woodhead et al 1980). However, since tannins produce astringent

flavor and reduce the grain's nutritional value (Bullard and Elias

1980, Butler 1982, and Price and Butler 1977, 1980), they are not

generally acceptable for food use. The non-tannin polyphenolic

compounds in other plant systems are known to function as antifun-

gal agents (Baranowski et al 1980, Byrde et al 1960, Friend 1977,

and Pickman et al 1984). Since sorghum is known to contain a

variety of these compounds (Hahn et al 1983), they may be active in

providing at least part of the resistance to fungal invasion.

The ideal sorghum varieties for the sorghum producer and

consumer are those that are low in tannin content, high in nutri-

tional value and with some resistance to pests. Such varieties need

to be identified and tested under lab conditions. This is particu-

larly true for assessing levels of resistance to fungal pests.

Simple methods for extraction of potentially active compounds and

an in vitro analysis method for the extracts could make it possible

to analyze the effects of sorghum non-tannin polyphenols on fungal

growth without relying on inconsistant field molding situations.

Studies utilizing such methods may increase our understanding of

the relationship between endogeneous non-tannin polyphenolic com-

pounds and resistance of the grain to fungal attack. This could,

in turn, contribute to the development of resistant varieties

retaining good end use properties.

The objectives of this research were: 1) to extract kernel

polyphenols from two differing sorghum oultivars and test them in

vitro for activity against grain molding and weathering fungi,
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especially potential mycotoxin-producing fungi; 2) to determine the

effects of standardized concentrations of phenolic acid3 on fungal

growth and 3) to separate and quantify the phenolic acids of the

above mentioned sorghum varieties by high performance liquid chro-

matography.



LITERATURE REVIEW

Phenolic compounds

All sorghums contain phenolic compounds which can affect the

color, appearance, and nutritional quality of the grain and resul-

tant sorghum products (Hahn et al 1984). The phenolic compounds can

be divided into three broad groups: phenolic acids, flavonoids, and

condensed tannins. All sorghums contain phenolic acids and all

those so far studied contain flavonoids (Hahn et al 1984). The

term "phenolic acid" is applicable to a large variety of different

organic compounds bearing at least one phenolic hydroxyl group and

a carboxyl function (Stumpf and Conn 1981). As a group, phenolic

acids comprise the benzoic and cinnamic acids as well as their

derivatives (Ribereau-Gayon 1972). Benzoic acids ( phenylcarboxylic

acids) have a seven carbon C,-C skeleton (Fig. 1B) and cinnamic
b 1

acids ( phenylacrylic acids) possess nine carbon C g- C
ri

skeleton

(Fig. 1A). Their derivatives are hydroxylated and/or methoxylated

at various sites on the aromatic ring nucleus.

The carbon skeleton of cinnamic acids originates from L-

phenylalanine (Stumpf and Conn 1981). The primary pathway for the

biosynthesis of benzoic acids in plants is the side-chain degrada-

tion of cinnamic acids (Stumpf and Conn 1981).

Benzoic acids are widely distributed in plants, the most

common being p-hydroxybenzoic , protocatechuic , vanillic, gallic,

syringic, salicylic, and gentisic acids (Ibrahim and Towers 1960).

Four of the cinnamic acids are known to be widely distributed in

the plant kingdom: p-coumaric, caffelc, ferulic, and sinapic acids

(Ibrahim and Towers 1960, and Ribereau-Gayon 1972). In nature

n



Fig. 1. Schematic structures of phenolic compounds.

A. cinnamic acid.

B. benzoic acid.

C. flavonoid.

D. proanthrocyanidin Ctannin)
polymer; ( n = 2-1 ) .

(Figures from Hahn et al 1984),
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Fig. 2. Structurally distinct groups of flavonoida nuclei.

A. flavans.

B. flavones

C. flavonols.
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cinnamic acids occur as the more stable trans isomers. When ex-

posed to light, the isomers are easily interconvertible and reach

an equilibrium condition. It is clear that the equilibrium is

affected by the compound itself, its molar concentration and the pH

of the solvent (Kahnt 1967). The phenolic acids most often occur

either as esters of sugars or glycosides (Pridham 1960, Towers

1961, and Kosuge 1969) or as free acids (Ibrahim and Towers 1960,

Krygier et al 1982a, and Wulf and Nagel 1976). Wulf and Nagel

(1976) identified three classes of naturally occurring phenolic ic

compounds: phenolic acids (both benzoic and cinnamic) and a variety

of flavone compounds including flavones, flavonols, and flavanones

as well as glycosylated flavone derivatives with mono- and disac-

charide substitution. Krygier et al (1982a) and Soluski et al

(1982) devised a fractionation system to separate the phenolic

constituents of cereal, potato, and rapeseed flours into free,

esterified, and insoluble-bound phenolic acids.

The second group, the flavonoids, are the largest group of

phenolic compounds in the plant kingdom with almost two thousand

different flavonoids now identified (Harborne et al 1975). Struc-

turally the flavonoid3 are characterized by their fifteen carbon

skeleton (C,-C -C,) (Fig. 1C). They consist of two distinct units:030
A c g" c o fragment from cinnamic acid forms the B-ring, and a C,

fragment derived from malonyl-CoA forms the A-ring.

Flavonoids are divided into three structurally distinct groups:

flavones, flavonols, and flavans. Flavones (Fig. 2B) possess a

carbonyl at C., and a double bond between C and c ?)- Flavonols

(Fig. 2C) contain a carbonyl at C\ , and hydroxyl at C . Flavans

(Fig. 2A) resemble flavones but lack the carbonyl at C.. The predo



minant flavonoids in sorghum are the flavans (Hahn et al 1984).

The major flavans are leuooanthooyanidins (Flavan-3 . 4-diols posess-

ing hydroxyls at C and C.), oateohin or 4-deoxyleucoanthocyanidins

CFlavan-3-ols with hydroxyls at C ), and anthooyanidins (Flavan-3-

en-3-ols posessing a hydroxyl at C , and double bond between C, and

C.). Anthooyanidins are defined as being capable of generating

anthooyanin. Flavonoids generally occur as glycosides (Wulf and

Nagel 1976). The flavonoid nucleus without its saccharide is

termed an aglycone.

A number of flavonoid compounds are known to exist in the

mature seed of sorghum (Butler 1982, Hahn et al 1984, Nip and Burns

1968, and Olifson et al 1971). The pericarp color of sorghum

appears to be due to a combination of anthooyanin and anthocyanidin

pigments and, to a lesser, extent other flavonoid compounds.

There appears to be a good deal of variation in flavonoid

composition between sorghums of the same genetic pericarp color

(Hahn et al 1984). Flavonoid compounds are known to be present in

the pericarp of both white and red sorghum varieties (Kambal and

Bate-Smith 1976, Nip and Burns 1969 and 1971).

Tannins are a group of phenolic compounds found in many

plants. The term "tannin" is defined as a high molecular weight

polymeric phenol with the ability to combine with protein and other

polymers such as cellulose and pectin ( Leungchaikul 1982). Tannins

can be characterized as being hydrolyzable or condensed. Hydroly-

zable tannins are tannins that are readily hydrolyzed either chemi-

cally or enzymatically . Hydrolyzable tannins often termed vegeta-

ble tannins (eg. tannic acid) break down into sugars and a phenolic

acid (eg. gallic acid or ellagic acid) when treated with acid,
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alkali, or some hydrolytic enzymes (tannase) (Gupta and Haslam

1980, and Hahn et al 1984). Only condensed tannins, polymers

resulting from the condensation of hydroxyflavans ( flavan-3-ols or

cateehins and f lavan-3 , 4-diols or leucoanthocyanidins) , have been

found in sorghum. These polymers are now referred to as proantho-

cyanidins (Fig. 1D), since anthocyanidins are released when the

tannins are treated with mineral acids. Gupta and Haslam (1978)

refer to sorghum tannins as procyanidins , due to their contention

that cyanidin, flavan-3-ols : (+)-catechin or (-)-epicatechin , is

usually the sole anthocyanidin involved.

Sorghum polyphenols

In cereal grains such as sorghum, the phenolic compounds are

concentrated in the outer layers of the kernel (pericarp, testa,

and aleurone). Only insoluble, tightly bound phenolic acids are

found in the endosperm in low amounts (Hahn et al 1984). The bound

or insoluble phenolic acid esters appear to be associated with the

cell walls of the grain (Hahn et al 1984). The major bound pheno-

lic acid of sorghum is ferulic acid ( 3-methoxy-4-hydroxy-cinnamic

acid), which is thought to be associated with the cell walls (Hahn

et al 1983, and Rooney and Miller 1982). Condensed tannins are

found in the testa layer (Blakely et al 1979) and, depending on the

genetics of the seed, the mesocarp. Precise cellular locations as

well as the distribution of specific non-tannin polyphenolic com-

pounds (particularly phenolic acids) in the sorghum kernel are not

known with certainty.
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Genetics

Sorghum classification based on chemical analyses and struc-

tural features was proposed by Cummings and Axtell (1973) and

redefined by Price and Butler (1977)- The chemical criteria involve

phenolic compounds. Using various characteristics, three groups

are defined. Group I sorghums lack a pigmented testa. Sorghums

classed as group II have a pigmented testa but lack a dominant

spreader gene. Group III grain has a testa and dominant spreader

gene (Rooney and Miller 1982). The presence of a pigmented testa

is controlled by the complimentary B and B_ genes. Both must be

dominant (B B__) before a pigmented testa can be present. The

spreader gene (S_) controls the spread of the phenolic pigments and

possibly tannins into the epicarp. When S is dominant, more phe-

nols and tannins exist in the pericarp and testa layers. Type III

sorghums have the greatest bird resistance and, interestingly, the

highest level of tannins (Rooney et al 1980, and Rooney and Miller

1982). Their presence results in type III grain having a reduction

in nutritional value relative to types I & II (Rooney et al 1980,

and Rooney and Miller 1982). It has been suggested that the type II

brown sorghums contain tannins during maturation (which provide

bird resistance) and that the tannins disappear upon maturation

(Hahn et al 1981). In this way, they do not adversely affect the

nutritional value of the grain.

Plant phenolics md. dl sease resistance

The most common causes of plant diseases are fungi, bacteria,

and viruses (Agrios 1969). In many cases, the compounds responsi-

ble for disease resistance in nature are phenolics or polyphenols

12



(Friend 1977). Brown sorghums, with high tannin contents, are

relatively more resistant to molding and weathering than nonbrown

sorghums (Bullard and Ellas 1980, and Hahn et al 1984). However,

tannins which produce astringent flavor and, thereby, repellency

also reduce the palatability , digestibility, and nutritional quali-

ty of many foods containing them (Bullard and Elias 1980, Butler

1982, Chang and Fuller 1961, Cumming and Axtel 1973, and Price and

Butler 1977, and 1980). This is due to the binding and precipita-

tion of proteins by condensed tannins (Gupta and Haslam 1980).

Some nonbrown or low-tannin sorghums, which are low in tannin

content, do have appreciable resistance to molding and weathering

(Hahn et al 1983), which suggested that these varieties may have

polyphenolic compounds important in fungal resistance. In low-

tannin sorghums, many of these compounds are likely to be phenolic

acids.

Many phenolic acids have shown antifungal activities in other

plant systems (Baranowski et al 1980, Byrde et al 1960, Friend

1977, and Pickman et al 1981). Pickman et al (1981) reported that

phenolics and some other, unidentified, compounds are chemical

antifungal agents in oat hulls. Catechol and protocateohuic acid

in onion appear to act as inhibitors of spore germination of the

fungus Colletotrlchum circinans (Friend 1977). Ferulic, p-couma-

ric, vanillic, and p-hydroxybenzoic acids Inhibit the growth of

Saccharomvces cerevislae (Baranowski et al 1980). Hydroxycinnamate

derivatives were found to be inhibitory to Trichophyton rubrum.

Aspergillus nicer , and Saccharomvces cerevisiae (Gupta and Banerjee

1976). Leungchaikul (1982) found that purified ferulic, vanillic,

and p-coumaric acids inhibit the growth of common sorghum grain

13



weathering fungi.

Mold growth occurs in two stages: germination of the spores

followed by mycelial growth. Specific plant phenolics are known to

inhibit both stages (Friend 1977). In addition to direct inhibi-

tion of fungal growth, protective activity can be conferred by the

oxidation of pre-existing phenolic compounds (Byrde et al 1960, and

Walker 1969). Such protective activity can also be caused by the

inhibition of fungal extracellular enzymes, inhibiting cell-wall

degradation and penetration by the mycelia (Hunter 1974 and Leung-

chaikul 1982).

BTtrar.tion a_iid_ separation ££ phenolic a_c_Ld_a c_£ sorghum gnain.

Several methods have been used to isolate cereal polyphenols.

The most common extraction solvents are water (Blessin et al 1963,

and Price and Butler 1977), acetone (Kaluza et al 1980, and Pickman

et al 1984), ethanol (Butler et al 1980, Gupta and Haslam 1980,

Kaluza et al 1980, and Strumeyer and Malin 1975), methanol (Burns

1971, Hagerman and Nicholson 1982, Leungchaikul 1982, and Yasumatsu

et al 1965) or acidified methanol (Maxson and Rooney 1972, Nip and

Burns 1968). Mixed solvents of methanol, acetone, and water are

also employed as extraction solvents (Krygier et al 1982a). The

conditions of extraction have been quiet varied.

Several methods have been used for qualitative and quantita-

tive analysis of plant phenolics. Paper (Ibrahim and Towers 1960)

or thin-layer (TLC) chromatography (Newby et al 1980, and Vande

Casteele et al 1981) has been used extensively to separate pheno-

lics. It is, however, laborious and difficult to quantitate. More

modern procedures involve the use of gas-liquid chromatography
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(GLC), gas chromatography-mass spectrometry (GLC-MS) (Krygier et al

1982a4b, Sosulski et al 1982, and Vande Casteele et al 1981) and

high performance liquid chromatography (HPLC) (Hagerman and Nichol-

son 1982, Hahn et al 1983, Murphy and Stutte 1978, and Wulf and

Nagel 1976).

Sorghum fungi

Seed deterioration is caused primarily by fungal invasion of

the kernel. Fungi affect sorghum seed quality in many ways. Based

on their behavior in attacking the kernel, there are two types of

fungi: field and storage fungi (Christensen and Sauer 1982). Field

fungi may be further divided into grain molding and grain weathe-

ring types. Grain molding is a pre-maturity infestation mainly

caused by parasitic field fungi such as Curvularia lunata and

Fusarium monil iforme (Castor 1981). Grain weathering is post-

maturity field infestation caused by saprophytic field fungi, pri-

marily Al ternaria spp. The difference between grain molding and

grain weathering is not perfectly distinct. The fungi that cause

grain molding can also be involved in grain weathering. As opposed

to damage by the storage fungi, the damage done by field fungi is

caused before harvest and usually does not increase during storage.

Storage fungi can invade kernels prior to harvest, but the greatest

invasion of kernels occurs after harvest. Storage fungi generally

are members of the species Aspergillus and Penlcillium (Castor and

Frederikson 1982). Generally, sorghum samples with a high inci-

dence of storage fungi have a very low incidence of field fungi and

vice versa (Niles 1976, Pettit and Taber 1978, and Seitz et al

1975) .
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Dozens of fungal genera occur naturally In sorghum grain

(Swarup et al 1962, and Williams and Roa 1980). The most common

fungi are members of the fungal genera Fusarium and Alternaria,

especially F_. mnni 1 if orme £ semitectum . and A- alternata. Other

genera found in weathered grain are Hel minthnsporium. Curvularia,

PJlojaa, Khlzopus . Eplcoccum . 01 ipi trichum. and Aspergillus (Pettit

and Taber 1978) .

Fungi in. sorghum

Several fungi found in sorghum grain have the potential to

produce mycotoxins. The most serious of mycotoxin producers are

Aspergillus flavus , F_. mnnl llforme . and Alternaria a l ternate (Pet-

tit and Taber 1978). A. flavus is seldom found in sorghum grain.

However, the incidence of A- flavus in blended feed containing

sorghum can be quite high (especially in poultry feed) (Pettit and

Taber 1978). A. flavus produces one of the most poisonous classes

of substances known, the aflatoxins, a member of a group of myco-

toxins which cause liver cancer and many other problems in animals

and man. £. moni 1 lforme is capable of producing several myco-

toxins, one of the most serious of which is zearalenone. Zearale-

none is an esterogenic toxin capable of interfering with the normal

reproductive processes in poultry and other farm animals (Pettit

and Taber 1978). A al ternata produces a series of toxins: tenuazo-

nic acid, alternariol and its monomethyl ether, altenuene, alter-

toxin I (Watson 1984). These compounds have been found together in

food samples and may have synergistic toxic effects. Zearalenone,

alternariol, and aflatoxins are reported to occur naturally in

sorghum grains (Young and Fulcher 1984). Alternaria metabolites
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have been primarily associated with grain sorghum (Burroughs et al

1976, Sauer et al 1978, Seitz et al 1975). Metabolite extracts of

F_. monilif orme and £. tenuissima were highly toxic to day-old

cockerels (Diener et al 1981). The presence of aflatoxin and

zearalenone was reported in Georgia grain sorghum during maturation

(Mcmillian et al 1983). Other fungi isolated from sorghum also

produce mycotoxins, but most of these mycotoxins occurred in lower

concentrations. The potential still exits that some of these fungi

may be producing potentially serious poisons (Pettit and Taber

1978).

Fungal infection of grain in the field and/or during storage

can be a most serious problem. The extent to which grain sorghum

is damaged by fungi and the degree to which these grains are conta-

minated with mycotoxins are dependent on several factors including

the climatic conditions under which the grain is produced, the

sorghum variety planted, availability of nutrients for plant growth

( e.g., calcium), plant stress during the maturation of the grain,

and conditions under which the grain is harvested, transported and

stored. Since different fungi are capable of growing on the

grains, the fungal type which is most active at any time is depen-

dent upon the indigenous fungal population, moisture levels of the

grain, temperature, atmospheric humidity, and physiological charac-

teristics of the grain (Pettit and Taber 1978).

Location &£. fungi

Fungi are found more frequently in the pericarp and outer

layers of the grain, and fungal numbers gradually decline from

outside to inside of the kernel (Mathur et al 1975). Most fungi

17



(except E. monlliforme ) do not invade the embryo. £. mpnillforme

is largely present in the inner tissues of the kernel, mostly the

endosperm (Mathur et al 1975).
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MATERIALS AND METHODS

Sorghum samples

Grain of two sorghum oultivar3 was used for all studies (see

Table 1). They were classified as group I, or III using the crite-

ria of Cummings and Axtell (1973). The samples were: "033541", a

group I sorghum with a thin, white pericarp and intermediate endo-

sperm hardness. "SC0719" was a group III brown-seeded, bird-

resistant sorghum with thin pericarp and intermediate endosperm

hardness. The grain samples were obtained through the courtesy of

Dr. M. M. Morad, Cereal Quality Lab, Texas A&M University, College

Station, TX.

All grain samples were air-dried at room temperature to <

11. 5% moisture and stored at room temperature in a stainless steel

can. Before extraction, they were ground in a Ody laboratory mill

(Udy Company, Boulder, CO 80302) to pass a 1.0 mm. screen and

stored briefly in the dark at C.

Growth media

Three media were used to grow fungi:

Malt salt agar + 4$ NaCl (MS-4)

Malt salt agar + 4J NaCl + 200 ppm Tergitol (MS-4T)

Potato dextrose agar (PDA).

All media were autoclaved at 121°C (15 psi) for 15 min. (slow

exhaust), cooled for 15-30 min., then poured into 100 x 15 mm

plastic disposable petri dishes. After the media was left to

harden at room temperature, the plates were stored right side up at

4 C overnight or until used.
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Fungal isolation, identification, and selection

Fungi commonly associated with weathered or molded sorghum,

including potential mycotoxin-producing fungi (Pettit and Taber

1978) were used. The fungi isolated and grain sources are listed

in table 2.

Fusarium and Al ternarla sp. were isolated from sorghum grains

using sterile surface technique. Sorghum kernels were washed 1

minute, in 2% sodium hypochlorite (NaOCl) and rinsed in sterile

distilled water to terminate the activity of the chlorine. Twenty

five (25) treated sorghum kernels were placed on MS-4T (Seitz et al

1982) with sterile forceps. A total of one hundred and fifty (150)

seeds were plated. The plates were incubated at 21-24°C (70-75°F)

for 3-5 days. Seeds were observed under a binocular dissecting

microscope and appropriate colonies growing from seeds were picked

and transferred to PDA. These isolates were grown at 21-24°C (70-

75°F) for 5-7 days and the cultures were checked for purity. Pure

fungal isolates were , again, picked, grown out, then stored on PDA

plates or PDA slants in a refrigerator until use. Isolates of each

fungus were selected from colonies grown from different kernels of

the same or different varieties of sorghum grown in the same or

different plates.

A. f 1 avus was isolated from an infected corn cob onto MS-4.

The plates were incubated at 21-24°C (70-75°F) for 48 hours and

stored at refrigerator temperature.

Fusarium aemitectum and F_ equisetti isolates were identified

through the courtesy of Dr. Paul E. Nelson, Fusarium Research

Center, Pennsylvania State University, State College, PA (Toussoun

and Nelson 1976). Alternarla isolates were identified by Dr. Emory
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TABLE 2

Fungal Isolates and Sources

FUNGAL GRAIN
ISOLATES SOURCES

Fusarlum monlllforne Corn (G-1507)

Fusarlum 3emitectum sorghum

Fusariua eauiset i sorghum

Alternaria alternata sorghum

Alternarla tenuisslma complex sorghum

Aspergillus flavus infected corn
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G. Simmons, Myoologioal Services, Amherst, Massachusetts. Fusarlun

monilif orme was kindly provided by Dr. Barbara A. Hetrick, Depart-

ment of Plant Pathology, Kansas State University. It was isolated

from corn (G 4507-1) U3ing Komada media (Komada 1975). Alternaria

al ternata isolate (FN 8442-5) (Sauer et al 1978) was supplied

through the courtesy of Dr. David B. Sauer, U.S. Grain Marketing

Research Laboratory, Manhattan, KS. Three isolates each of £.

moniliforme. F_. semi tec turn . F. equi seti , A. alternata, A- tenuis-

ai ma cpx., and A. f lavus were obtained.

Grain extraction

Both free and bound phenolic acid extractions were by the

method Hahn et al (1983) (see Fig. 3).

Colorimetric quantitation cX Phenolic compounds

The level of phenolic compounds present in the sorghum samples

and all the extracts was determined by two methods; the Prussian

blue (PB) method (Price and Butler 1977), and the vanillin test

(Earp et al 1 981 ) .

Materials. Ferric chloride (FeCl .6H 0, lumps) and potassium

ferricyanide (K.Fe(CN),, crystal) were obtained from Mallinckrodt

,

3 o

Inc. (St. Louis, MO), vanillin from Sigma Chemical Company (St.

Louis, MO), and D-catechin from United States Biochemical Corpora-

tion (Cleveland, OH).

The PB method is reported to measure total polyphenols (Earp

et al 1981, Hahn et al 1984, and Price and Butler 1977). A cate-

chin standard curve from 0.0 - 0.24 mg/60 ml was the basis for

quantitating polyphenol levels ( Leungchaikul 1982). The vanillin
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Fig. 3. Free and bound phenolic aoid extraction procedure.
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test was that of Earp et al (1981). It included both the vanillin

hydrochloric acid (V-HC1) procedure of Burns (1971), and the modi-

fied vanillin hydrochloric acid (MV-HC1) procedure of Maxson and

Rooney (1972). The vanillin test measures leucoanthocyanidins

(catechins) and proanthocyanidins (tannins), as well as other poly-

phenolic compounds such as dlhydrochaleones and flavanones (Earp et

al 1981, Hahn et al 1981, and Sarkar and Howorth 1976). A catechin

standard curve from 0.0 - 1.0 mg/ml in 0.2-mg increments was used

in calculating polyphenol levels (Earp et al 1981). The results of

both methods were transformed to mg/g of sample by the method of

Price and Butler (1977).

HPLC separation of phenolic acids

Chromatographic separation of phenolic acids was modified from

the method of Hahn et al (1983), by the replacement of butanol in

solvent B with 2-propanol. Eight phenolic acids were used as stan-

dards: gallic, protocatechuic ,
p-hydroxybenzoic , vanillic, caffeic,

p-coumaric, ferulic, and cinnamic acids. Gallic, protocatechuic,

p-hydroxybenzoic, vanillic, p-coumaric, and ferulic acids were

obtained from Sigma Chemical Company (St. Louis, MO), caffeic acid

from H.M. Chemical Company (Santa Monica, CA) , and cinnamic acid

from Fisher Scientific Company (Fair Lawn, N.J.). HPLC grade

methanol and 2-propanol from Fisher Scientific Company (Fair Lawn,

N.J.) and water from Burdick & Jackson Laboratories, Inc. (Muske-

gon, MI) were used. All other chemicals were reagent grade.

Instrumentation. A Varian model 5000 high performance liquid

chromatograph (Palo Alto, CA) was used in the studies equipped with

an Ultrasphere -ODS column (5 um) of 1.6 mm (i.d.) x 15 cm from
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Altex Beckman (Berkeley, CA). The guard column was a 4.6 mm (i.d.)

x 5 cm column (pellicular, reverse-phase) from Alltech Associates

(Deerfleld, IL) . Detection was by UV absorption at 251 no.

Separation. To optimize chromatographic separation, grain

extracts were dissolved in HPLC grade methanol and filtered through

a 0.2-um pore size Swinney-13 Filter Unit (Millipore Corporation,

Bedford, MA), then applied to a 1 x 0.8 cm column (C-18 Sep-Pak

Cartridge, Water Associates (Milford, MA). High molecular weigh

polyphenols in the sample were absorbed and retained as a yellow-

brown band in the top few millimeters of the column. After ap-

plying the extracts, the column was washed with 1.5 ml of methanol

(HPLC grade) to elute cinnamic and benzoic aoids (Hahn et al 1 98 3) -

For HPLC, a 10 ul sample wa3 injected and eluted at a flow rate of

0.5 ml/min.

Optimum separation of acid standards was obtained by a multi-

step gradient of the following solvent mixtures: A, acetic acid-

water (2:98); and B, 2-propanol-methanol (8:92). The separation

was programmed isocratically for 10 min at 5% solvent B, followed

by a 7.5 min linear gradient to 15$ solvent B. This intermediate

mixture was then programmed isocratically for 13.5 min, followed by

a 10-rain linear gradient to 50$ solvent B. Acetic acid was

included to suppress ionization of the carboxyl hydrogens of the

benzoic and cinnamic acid nuclei (Hahn et al 1983).

Extraction efficiency

Recoveries of the phenolic acid standards by both extraction

methods were tested as follows. Ten (10) ml of a 1 ug/10 ul

solution of the standard phenolic acid mixture was processed
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through all the steps of each of the extraction methods. As a

final step, it was redissolved in 10 ml methanol (HPLC grade) to

the final volume. Both non-extracted phenolic acid standards and

extracted phenolic acid standards were chromatographed as above.

The percent recovery of each phenolic acid standard was calculated

as the amount recovered divided by amount added.

Preparation fi£ sorghum extracts

Extracts of all sorghum samples were used to test in. vitro for

their activities on fungal growth. The levels of polyphenols

present in each extract were expressed as mg catechin equivalent/ml

PDA.

After evaporation to near dryness, the extracts were dissolved

in a minimum volume of 80J ethanol. The redissolved extracts were

aseptically incorporated in warm, unsolidified PDA after it had

been autoclaved. To minimize differences in pH, PDA for in. vitro

analysis was prepared with 0.2 M phosphate buffer solution, pH 6.5

(Colowick and Kaplan 1955), instead of distilled water. PDA,

buffered PDA, and buffered PDA plus equal amounts of 80? ethanol

were used as controls of the in vitro analysis. All experiments

were run as duplicates.

Preparation oX BOdel Phenolic iLgltiB

Three model phenolic acids (vanillic, p-coumaric, and ferulic

acids) that existed in all sorghum grain samples ( Leungchaikul

1982) plus cinnamic acid were used for analysis. Cinnamic acid was

selected based on its known toxicity to Venturia and ability to

inhibit spore germination in some systems (Flood and Kirkham 1960).
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The final concentrations of phenolic acids in buffered PDA used for

analysis were 1, 4, and 7 mM. The model phenolic acid solutions

were prepared in 80$ ethanol and incorparated in buffered PDA the

same as for extracts (see above).

In. Vitro analysis

The effects of sorghum non-tannin polyphenols and model pheno-

lic acids on fungal growth were assayed by the agar plug method

( Leungohaikul 1982). Pure cultures of each isolate were grown to

confluency for 5-6 days on PDA. The agar, containing fungal myce-

11a, was then removed as small circular plugs with a #6 cork borer

(diameter 1.0 cm). The plugs were transferred with a sterile

needle and placed, mycelium side down, on the center of the agar

plates containing PDA or buffered PDA plus various amounts of

sorghum extracts or model phenolic acids. The diameter of mycelial

growth (in cm, as the average of three measurements for each plate)

was recorded daily over a six day period and plotted vs days of

culture

.

29



RESULTS AND DISCDSSIOH

Fungal growth

The fungi most commonly associated with both sorghum samples

were Fusarium and Alternaria spp., particularly E. moniliforme. £.

semi tectum . and A. alternata ( Leungehaikul 1982, and Mathur et al

1975). A. flavus . £. moniliforme . and A. alternata were reported to

have the greatest potential to produce mycotoxin3 in sorghum grain

(Pettit and Taber 1978). Fusarium isolates were identified as E.

semi tectum and F_. equiseti (see Materials and Methods). AT ternaria

isolates from sorghum were identified as A. tenuissima complex (see

Materials and Methods). The A. tenuissima cpx. has relatively

small to medium-size oonidia. Some are similar to A- alternata.

others to the somewhat larger A. tenuissima (which has additional

diagnostic characteristics). £. moniliforme and A. alternata could

not be isolated as pure isolates from either of the sorghum samples

in the laboratory. Therefore, they were obtained elsewhere (see

Materials and Methods). Three isolates of each of £. moniliforme .

£. semitectum
, £. equiseti , A- alternata, A- tenuis slina cpx., and

A. flavus were selected for all subsequent in. vitro testing. They

were numbered as isolates number 1, 2, and 3 for each species for

further experimentation.

Growth curves of fung i

To establish control growth curves and test the agar plug

method, all eighteen isolates were grown on PDA and growth was

monitored for a six day period. The growth curves of all three

isolates of £. monil iforme (Fig. t ) , £. 3emitectum (Fig. 5), £.
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Fig. t. Growth curves of Fusarium monilif orne isolates.

isolate t 1.

isolate t 2.

isolate !t 3 •

Pig, 5. Growth curves of Fusariun senitactuai isolate:

—H— isolate # 1 .

—X— isolate I 2.

A isolate # 3.
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F. monlliforme

F. semitectum
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Fig. 6. Growth curves of Fusariun eouiseti isolates.

isolate it 1 .

isolate 9 2.

isolate # 3.

Fig. 7. Growth curves of Aspergillus f lavus isolates.

—H

—

isolate f 1

.

—X

—

isolate # 2.

—&— isolate if 3.
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F. equiseti

e 7

A.flavus
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Fig. 8. Growth curves of Alternaria alternata isolates.

-S— isolate it 1.

—^— isolate it 2 .

£ isolate it 3 •

Fig. 9. Growth curves of Alternaria tenuissima
complex isolates.

-B— isolate it 1 .

-X— isolate it 2.

—A— isolate it 3
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A. alternate

A. tenuissima cpx.
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equiseti (Fig. 6), and A. f lavus (Fig. 7) were essentially the

same. The three isolates of A. alternata (Fig. 8) and A. tenuis-

si ma cpx. had different growth rates (Fig. 9) but the patterns of

growth were similar. Since growth was essentially similar, only the

number 1 isolates of F_. monilif orme . f_. semitectura , f_. equiseti . A.

alternata , A. tenuissima cpx., and A. flavus were selected for

further ±r vitro analyses.

In vitro Activity o_f_ sorghum polyphenols

Extracts of sorghum CS3511 were tested for their activity

against fungal isolates. Because the extracts were redissolved in

80? EtOH after evaporation, plates of PDA alone and PDA plus 80?

EtOH at equivalent concentrations were used as controls. In the

first tests, extracts were added at concentrations of 0.07, 0.29,

and 1.02 mg catechin equivalent/ml PDA (mg CE/ml) for the free

extract. Appropriate controls contained 0.25, 1.0, and 3.5? (v/v)

ethanol, respectively. In the case of the bound extracts, extract

concentrations were 0.18, 0.72, and 1.80 mg CE/ml, and controls

contained 0.5, 2.0, and 5.0? (v/v) ethanol, respectively.

Preliminary tests showed that both 80? EtOH and pH had minor

inhibitory effects on fungal growth. With EtOH, the effect was

concentration dependent. Thus, growth inhibition due to phenolic

acid extracts must be compared to the appropriate controls. The

preliminary test also showed that there was a large decrease in pH

of the assay medium at high concentration of the bound extracts.

Therefore, the highest concentration control plate (5? v/v) was

treated with both 80? EtOH and tartaric acid (to control pH) in the

same plate. Mycelial growth was measured three times for each
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plate with duplications of each concentration. The results are

shown in Table A and B (Appendix) for the free and bound extracts

respectively. The data shown in the table are averages of six day

6 readings ± a 95$ confidence interval for each. The

numbers are presented in a form X ± t
.025 s//" with a d.f. = 5 or X

± SO .05) .

To assess the effect of extract presence on fungal growth,

growth on each plate was compared graphically to growth on control

plates (PDA alone, PDA plus 80? EtOH at equivalent concentrations

or PDA plus 80? EtOH and tartaric acid at equivalent concentrations

and pH) . Thus, there are four graphs for each fungal isolate. The

graphs represent the growth curves of fungi on all concentration of

extracts and their controls (shown in graph A) and each concentra-

tion (low, medium, and high concentration) of extract and appro-

priate controls (shown in graph B, C, and D respectively).

No growth inhibition of the three Fusarium spp. (Figs. 10-12)

and A. flavus (Fig. 15) could be detected at any free extract con-

centration. To the contrary, a marked of stimulation of growth was

observed at concentration 0.07 mg CE/ml. For Alternaria spp.

(Figs. 13 and 11), inhibition occurred by day 2 at 0.07 mg CE/ml

(Figs. 13B and 11B). But at higher concentration, inhibition was

reduced (Figs. 13C and 1UC4D) and growth actually was stimulated at

high concentration (1.02 mg CE/ml) (Fig. 13D) for A. alternate .

However, significant inhibition was detected for all fungal iso-

lates at any bound extract concentration, except at 0.18 mg CE/ml

for A. f lavus (Figs 16-21). Complete growth inhibition for all

fungi occurred from 0.72 mg CE/ml, but occurred only at 1.80 mg

CE/ml for A. Flavus Growth inhibition started at either day 1 or
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day 2 and continued to day 6 at all tested concentrations.

The bound extract decreased the pH of medium, whereas the free

extract results in a slight increase in pH. Therefore, the ob-

served results could have been due to either the phenolic acid3 in

the extract or pH effects. Phosphate buffer (0.2 M, pH 6.4) was

then used in place of distilled water in PDA to minimize dif-

ferences in pH, but the problem was not overcome for the highest

concentrations of bound extract. Higher concentrations of phos-

phate buffer did not solve the problem because the PDA media formed

a very hard gel and fungi did not grow well due to its high ionic

strength. Therefore, 0.2 M phosphate buffer solution (pH 6.4) was

used in subsequent experiments. Tartaric acid was also added to

control pH of the high concentration of the bound extract as used

previously.

Free and bound extracts of sorghum SC0719 were tested for their

activity against fungal isolates in buffered PDA at 1.65, 6.60, and

16.5 mg CE/ml (free extract) and at 2.33, 9.30, and 23-3 mg CE/ml

(bound extract). This is equivalent to 0.5, 2.0, and 5.0? v/v. The

results are shown in Table C and D (Appendix). The effects of

SC0719 free extract against the six fungi are graphically presented

in Figs. 22-27. Slight inhibition was observed at 1.65 mg CE/ml

against F_. monillf orme (Fig. 22B), and A- tenuisstma cpx. (Fig.

26B), and at 6.60 mg CE/ml against F_. semitectum (Fig. 23C). The

differences, while small, can be considered significant due to lack

of overlap of the confidence intervals. At high concentration,

growth stimulation occurred at day 1 through day 6 for all fungi

(Figs. 22-27) . On the other hand, the bound extract from SC0719

inhibited growth of all three Fusarlum spp. from day 2 to day 6 at
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any concentration (Figs. 28-30). However, only 23.3 mg CE/ml

inhibited growth of both Alternaria spp. and A. flavus (Figs. 31-

33). Complete inhibition occurred at 23.3 mg CE/ml for all fungal

isolates except A. f lavus

Extracts of sorghum CS3541 were also retested again in buf-

fered PDA at 0.02, 0.1, and 0.2 mg CE/ml (free extract) (0.3, 1.5,

and 3.0? v/v). For the bound extract, experiments were carried out

at 0.16, 0.37, and 0.79 mg CE/ml (0.3, 0.7, and 1.5J v/v). Because

the 80? EtOH used as solvent had slight inhibitory effects on

fungal growth (Figs. 16D-21D), the experiment was done by using the

absolute minimum amount of 80} EtOH.

The results are shown in Table E and F (Appendix). No inhibi-

tion of any fungus, except F_. equiseti was detected at any free

extract concentration (Fig. 36B). Little inhibition was observed

at solely 0.02 mg CE/ml, by day 4. In contrast, growth stimulation

of all fungi occurred at day 2 at 0.2 mg CE/ml (Fig. 31-39). In

the case of the bound extract, growth inhibition was detected for

all six fungi (Figs. 40-45). At any concentration, the CS3541

bound extract inhibited F_. monil i forme as early as day 1 (Fig. 40B-

D). For £.. aemitectum and F_. equiseti growth inhibition started

later, by day 3 at 0.16 mg CE/ml (Figs. 41B and 42B). At 0.37 mg

CE/ml (Fig. 41C), F_. aemitectum was inhibited by day 2 but no

inhibition was observed for F_. equiseti (Fig. 42C). No inhibition

was detected at 0.16 mg CE/ml for Alternaria spp. (Figs. 43B and

44B) . However, the bound extract inhibited Alternaria spp. by day

1 at 0.37 mg CE/ml (Figs. 43C and 44C). No inhibition for A.

flavus was observed at concentrations 0.16 and 0.37 mg CE/ml (Figs.

45B & 45C). At 0.79 mg CE/ml, inhibition of all fungi started at
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day 1, except for A. f lavua which started at day 2 (Figs. 10D-15D).

Complete inhibition occurred at 0.79 mg CE/ml for £.. semiteetum, A.

alternata . and A. tenuissima cpx.

The results of the in. vitro tests determined that bound ex-

tracts of both sorghum CS3541 and SC0719 inhibited growth of all

six fungi. Unexpectedly, the bound extract from CS3541 appeared to

be more effective than that from SC0719. It was observed that

CS35U1 and SC0719 bound extracts had different inhibitory effects

on the growth of individual fungal species. Furthermore, the

inhibitory effects were different for different genus of fungus

with regard to onset and extent of growth inhibition. Thus, the

extent of inhibition and minimum inhibitory oon-centration depends

upon the fungus. Surprisingly, free extracts of both sorghums

showed a growth stimulatory effect for all six fungi. The stimula-

tion of the growth of other fungi by other phenolic acids in other

plant has observed previously (Farkas and Kiraly 1962, Friend 1977,

and Van Sumere 1960). As with the inhibitory effects of bound

extracts, the stimulatory activity of the free extracts appears to

depend upon individual fungus and sorghum variety.
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Fig. 10. Diameter of mycelial growth vs. days of culture for F.

monilif orme against CS3511 free extract and controls.
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PDA plus 0.07 mg CE/ml Extract

PDA plU3 0.29 mg CE/ml Extract

PDA plus 1.02 mg CE/ml Extract
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Fig. 11. Diameter of mycelial growth vs. days of culture for F.

semitec turn against CS3511 free extract and controls.

-a-

-X-
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PDA plus 0.253 EtOH

PDA plus 1 .03 EtOH

PDA plus 3.5:: EtOH

PDA plus 0.07 rag CE/ml Extract

PDA plus 0.29 rag CE/ml Extract

PDA plus 1.02 ng CE/ml Extract
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Fig. 12. Dianeter of mycelial growth vs. days of culture for F.

equiset i against CS35t1 free extract and controls.
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PDA plus 3.53 EtOH

PDA plus 0.07 mg CE/nl Extract

PDA plus 0.29 mg CE/ml Extract

PDA plus 1.02 mg CE/ml Extract
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Fig. 13. Diameter of mycelial growth vs. days of culture for A.

alternata against CS3541 free extract and controls.

-B- PDA

PDA plus 0.25? EtOH

PDA plus 1 .OS EtOH

PDA plus 3.5? EtOH

PDA plus 0.07 rag CE/ral Extract

PDA plus 0.29 mg CE/ral Extract

PDA plus 1.02 mg CE/al Extract
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Fig. 14. Diameter of mycelial growth vs. days of culture for

A. tenuissina cpx. against CS3541 free extract and

controls .

—S— PDA

—X— PDA plus 0.253 EtOH

—A— PDA plus 1.0? EtOH

—#— PDA plus 3.53 EtOH

—§— PDA plus 0.07 mg CE/ml Extract

—+_ PDA plus 0.29 mg CE/ml Extract

a PDA plus 1.02 mg CE/ml Extract
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Fig. 15. Diameter of mycelial growth vs. days of culture for

F. f lavus against CS3541 free extract and controls.
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Fig. 16. Diameter of mycelial growth vs. days of culture for F.

monlliforme against CS3511 bound extract and controls.
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—X— PDA plus 0.5? EtOH

—&— PDA plus 2.05 EtOH

—#— PDA plus 5.0? EtOH

—$— PDA plus 5.0? EtOH plus tartaric acid
(same pH as —g)— )

PDA plus 0.18 mg CE/ml Extract

—?— PDA plus 0.72 mg CE/ml Extract

—53— PDA plus 1.80 mg CE/ml Extract
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Fig. 17. Diameter of mycelial growth vs. days of culture for F.

.

semitec turn against CS35M bound extract and controls.
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Fig. 18. Diameter of mycelial growth vs. days of culture for F.

equiseti against CS3511 bound extract and controls.
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-A— PDA plus 2.02 EtOH

PDA plus 5.03 EtOH

PDA plus 5.05 EtOH plus tartaric acid
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PDA plus 0.18 mg CE/ml Extract
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_£g— PDA plus 1.80 mg CE/ml Extract
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Fig. 19. Diameter of mycelial growth vs. days of culture for A.

alternata against CS3541 bound extract and controls.
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—
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(same pH as —EB— )
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—
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—

PDA plus 0.72 rag CE/nl Extract

g PDA plus 1.80 rag CE/ral Extract
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Fig. 20. Dianeter of mycelial growth vs. days of culture for

A. tenuissina cpx . against CS3541 bound extract and

controls
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—H—

.

PDA plus 0.5? EtOH

—&— PDA plus 2.03 EtOH

—#— PDA plus 5.03 EtOH

—$— PDA plus 5.0% EtOH plus tartaric acid
(same p!I as —H— )

^— PDA plus 0.18 mg CE/nl Extract

—*?— PDA plus 0.72 mg CS/ml Extract

—P3— PDA plus 1.80 mg CE/ml Extract
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Fig. 21. Dianeter of mycelial growth vs. days of culture for

A. f lavus against 0335^1 bound extract and controls.

PDA

PDA plus 0.53 EtOH
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PDA plus 5.03 EtOH plus tartaric acid
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PDA plus 1.80 ng CE/ral Extract
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Pig. 22. Diameter of nycelial growth vs. days of culture for F.

noniliforrae against SC0719 free extract and controls.
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BPDA plus 16.5 ng CE/ml Extract
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Fig. 23. Diameter of mycelial growth vs. days of culture for F.

semitectun against SC0719 free extract and controls.
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Fig. 24. Diameter of mycelial growth vs. days of culture for F.

equiseti against SC0719 free extract and controls.
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BPDA plus 16.5 mg CE/ml Extract
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Fig. 25. Diameter of mycelial growth vs. days of culture for A.

alternata against SC0719 free extract and controls.
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BPDA plus 16.5 mg CE/ml Extract
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Fig. 26. Diameter of mycelial growth vs. days of culture for

A. tenuissima cpx. against SC0719 free extract and

controls

.
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Fig. 27. Diameter of mycelial growth vs. days of culture for A.

t lavus against SC0719 free extract and controls.
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BPDA plus 16.5 mg CE/nl Extract
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Pig. 28. Diameter of mycelial growth vs. days of culture for F.

moniliforne against SC0719 bound extract and controls.
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BPDA plus 5.0? StOH plus tartaric acid
(same pH as + )

BPDA plus 2.33 eg CE/al Extract

BPDA plus 9.30 ng CE/al Extract

BPDA plus 23.3 mg CE/nl Extract
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Fig. 29. Diameter of mycelial growth vs. days of culture for F_.

seraitec turn against SC0719 bound extract and controls.
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Pig, 30. Diameter of mycelial growth vs. days of culture for £.

equiseti against SC0719 bound extract and controls.
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BPDA plu3 2.33 mg CE/ml Extract

BPDA plus 9.30 mg CE/nl Extract

BPDA plus 23.3 mg CE/ml Extract
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Fig. 31. Diameter of mycelial growth vs. days of culture for A.,

alternata against SC0719 bound extract and controls.
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Fig. 32. Diameter of mycelial growth vs. days of culture for

A. tenuissina cpx. against SC0719 bound extract and

controls .
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33. Diameter of mycelial growth vs. days of culture for A.

flavus against SC0719 bound extract and controls.
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Fig. 34. Diameter of mycelial growth vs. days of culture for F.

moniliforne against CS3511 free extract and controls.
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-#— BPDA plus 1.53 EtOH

BPDA plus 3.03 EtOH

BPDA plus 0.02 mg CE/ml Extract

-"?— BPDA plus 0.11 mg CE/nl Extract

-S— BPDA plus 0.22 mg CE/ml Extract
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Fig. 35. Dianeter of ayoelial growth vs. days of culture for

sernitectua against CS3 5^4 1 free extract and controls.
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BPDA plus 1 .53 EtOH

BPDA plus 3 .0? EtOH
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BPDA plus 0.11 ng CE/ml Extract

BPDA plus 0.22 ng CE/ml Extract
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Fig. 36. Dianeter of mycelial growth vs. days of culture for

equiseti against CS3511 free extract and controls.
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Fig. 37. Diameter of nycelial growth vs. days of culture for A.

alternata against CS3541 free extract and controls.
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Fig. 38. Diameter of mycelial growth vs. days of culture for

A. tenuissima cpx. against CS3511 free extract and

controls

.
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Fig. 39. Diameter of mycelial growth vs. days of culture for A.

flavus against CS3511 free extract and controls.
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Fig. 40. Diameter of mycelial growth vs. days of culture for F.

moniliforne against CS3541 bound extract and controls.
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BPDA plus 0.79 ng CE/ial Extract
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Fig. 11. Dianeter of mycelial growth vs. days of culture for F.

3enitectua against CS3511 bound extract and controls.
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—fg— BPDA plus 0.79 rag CE/ral Extract
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Fig. 42. Diameter of mycelial growth vs. days of culture for F.

equiseti against CS3511 bound extract and controls.
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Pig. 43. Diameter of mycelial growth vs. days of culture for A.

alternata against CS3541 bound extract and controls.
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BPDA plus 0.3" EtOH

BPDA plus 0.7" EtOH

BPDA plus 1.53 EtOH plus tartaric acid
(sane pH a3 —g]— )

BPDA plus 0.16 ng CE/ml Extract

BPDA plus 0.37 ng CE/ml Extract

BPDA plus 0.79 mg CE/ml Extract
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Fig. Irt. Diameter of mycelial growth vs. days of culture for

A. tenulssima opx. against CS3541 bound extract and

controls .

H

—

PDA

—*

—

BPDA (Buffered PDA)

—6

—

BPDA plus 0.33 EtOH

—#

—

BPDA plus 0.75 EtOH

—6— BPDA plus 1.5? EtOH plus tartaric acid
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Fig. 1)5. Diameter of mycelial growth vs. days of culture for A.

flavus against CS3541 bound extract and controls.
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Activity o_f_ model phenolic acids

Ferulic, p-coumaric , vanillic, and cinnamic acids were used

for in. vitro analyses. Table G, H, I, and J (Appendix) show inhi-

bitory effects. At day 6, of all three phenolic acids had effects

on all six fungal isolates. All PDA plates for the in. vitrQ test

of model phenolic acids were prepared with 0.2 M phosphate buffer

solution, pH 6 . 1 Amounts of 80? EtOH are equal to that used to

dissolve the model phenolic acids. The final concentrations of

model phenolic acid solutions were 0.5, 2.0, and 3-5 ? (v/v).

The effect of p-coumaric acid against the six fungi is pre-

sented graphically in Figs. 16-51. Growth inhibition of F_. mpnili-

forme occurred by day 3 at 4mM (Fig. 46C) and inhibition continued

to day 6. The high concentration of p-coumaric acid did not show

any activity against f_. moniliforme (Fig. 46D). This might be due

to the effect of high level of 80? EtOH on F_. moniliforme which

concealed or overshadowed any inhibition due to the phenolic acid.

No inhibition (Figs. 46B) was shown at low concentration. p-

Coumaric acid inhibited growth of F_. semitectum (Fig. 47) and £.

equiseti (Fig. 48) at concentrations down to 1 mM and the inhibi-

tions at all three concentrations were apparent by day 2 and 1

respectively. At high concentration, p-coumaric acid appeared to

have the same phenomenon against f_. moniliforme (probably the

effect of 80? EtOH). Growth inhibition of A- alternata (Fig. 49)

was detected by day 3 at a 7 mM minimum. Whereas, the growth

inhibition of A. tenuissima cpx. (Fig. 50) started by day 1 at 1

mM. In the case of A. f lavus (fig. 51), no inhibition was observed

at any concentration of p-coumaric acid.
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Ferulic acid (Table H, Appendix) was a more effective inhibitor

of Fusarium spp. and A. f lavus than p-eoumario acid. At 1 mM,

growth inhibition was detected by day 2 for £. monil If orme (Fig.

52) and £. semitectum (Fig. 53), and by day 1 for f_. equiseti (fig.

54). Ferulic acid inhibited growth of A- flavu3 (Fig. 57) by day 4

at a 4 mM minimum. For A. alternata (Fig. 55), only slight growth

inhibition was observed by day 5 at 1 mM. No inhibition was appa-

rent at higher concentrations. However, ferulic acid inhibited

growth of A. tenui ssima opx . (Fig. 56) by day 1 at 1mM.

Vanillic acid (Table I, Appendix) was the least effective

phenolic acid among the four acids tested. There was no inhibition

observed for A- alternata (Fig. 61), A. tenuissima opx. (Fig. 62),

and A. f lavus (Fig. 63). Minor growth inhibition was observed at 1

mM for F_. monillforme (Fig. 58). In the case of f_. semitectum

(Fig. 59), growth inhibition occurred by day 2 at 7 mM. However,

vanillic acid was most effective against F_. equi seti (Fig. 60)

inhibiting growth as early as day 1 at 1 mM.

Cinnamic acid (Table J, Appendix) was the most effective

phenolic acid tested. The effect of cinnamic acid on all six

selected fungi (Figs. 64-69) was detected as early as day 1 or day

2 at 1 mM minimum concentration. For A. al ternata (Fig. 67) and A.

tenuissima cpx. (Fig. 68), growth was inhibited almost completely

at 4 mM and completely at 7 mM.

All four purified phenolic acids chosen as model compounds

exist naturally in sorghum samples (Table 9). All were effective

in inhibiting fungal growth in. vitro when included in growth medium

after autoclaving and prior to plating. The only exceptions were

vanillic acid against A. alternata . A. tenuissl ma cpx., and A.
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flavus . and p-coumario acid against A. flavus . Table 3 shows the

minimum inhibitory concentrations against fungal species.

In order of decreasing antifungal activity the four model

phenolic acids, were elnnamic, ferulic, p-coumaric, and vanillic

acid. Decreasing polarity of phenolic acid corresponded with in-

creases in inhibitory activity. Similar observations with flavo-

noids were made by O'Neill and Mansfield (1982), and Ingham (1977).

O'Neill and Mansfield (1982) reported that the presence of one or

two polar groups in hydroxyflavans and other flavonoids, but not

more, appears to be necessary for activity while complete methyla-

tion of hydroxyl groups removes activity. Perrin and Cruickshank

(1969) proposed that a common molecular shape was responsible for

activity.

116



TABLE 3

Minimum inhibitory concentrations vs fungal species

CINNAMIC FERULIC

E. eouiseti (1mM)

F. moniliforme (1mM)

F. semitectum (1mM)

A. tenuissima cpx. (ImM)

A. alternata (1mM)

A- f lavus (1mM)

£. eouiseti ( 1mM)

£.. moniliforme (ImM)

£.. semitectum (1mM)

A- tenuissima cpx. (ImM)

A- alterna ta ( 1mM)

A. flavus (ItmM)

P-COUMARIC VANILLIC

£. eauisetl ( ImM)

F. monili forme (l|mM)

F. semitectum (ImM)

A- tenuissima cpx. (1mM)

A- alternata (7mM)

£. equiseti (1mM)

£. moniliforme (1mM)

£. semitectum (7mM)

1 17



Fig. 46. Diameter of mycelial growth vs. days of culture for

F. monillforne against p-counaric acid and controls.
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Fig. 47. Diameter of mycelial growth vs. days of culture for

F. 3emltectum against p-coumaric acid and controls.
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Fig. 18. Diameter of mycelial growth vs. days of culture for

F. eauiseti against p-coumaric acid and controls.
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Fig. 49. Diameter of mycelial growth vs. days of culture for

A. alternata against p-coumaric acid and controls.
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Fig. 50. Diameter of mycelial growth vs. days of culture for A.

tenuisslma cpx. against p-coumaric acid and controls.
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Fig. 51. Diameter of mycelial growth vs. days of culture for

A. flavus against p-ooumaric acid and controls.
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Fig. 52. Diameter of mycelial growth vs. days of culture for

F. moniliforme against ferulic acid and controls.
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Fig- 53. Diameter of mycelial growth vs. days of culture for

F. semitectum against ferulic acid and controls.
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Fig. 51. Diameter of mycelial growth vs. days of culture for

F. equiset i against ferulic acid and controls.
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Fig. 55. Diameter of mycelial growth vs. days of culture for

A. alternata against ferulic acid and controls.
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Fig. 56. Diameter of mycelial growth vs. days of culture for A.

tenulssima cpx. against ferulic acid and controls.
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Fig. 57. Diameter of mycelial growth vs. days of culture for

A. flavus against ferulic acid and controls.
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Fig. 58. Diameter of mycelial growth vs. days of culture for

F_- moniliforme against vanillic acid and controls.
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Fig. 59. Diameter of mycelial growth vs. days of culture for

F. semitec tug against vanillic acid and controls.
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Fig. 60. Diameter of mycelial growth vs. days of culture for

F. equiset i against vanillic acid and controls.
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Fig. 61. Diameter of mycelial growth vs. days of culture for

A., alternata against vanillic acid and controls.
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Fig. 62. Diameter of mycelial growth vs. days of culture for A..

tenuissima cpx. against vanillic acid and controls.

-a-

PDA

EPDA (Buffered PDA)

BPDA plus 0.5:5 EtOH

BPDA plus 2.0? EtOH

BPDA plus 3.5? EtOH

BPDA plus 1 mM vanillic acid

BPDA plus 4 mM vanillic acid

BPDA plus 7 oM vanillic acid

150



aa

(ujo) joisnvia (uio) jai3nvia

(wo) munvia

151



Fig. 63. Diameter of mycelial growth vs. days of culture for

&. flavus against vanillic acid and controls.
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Fig. 64. Diameter of mycelial growth vs. days of culture for

F. monlliforme against cinnamic acid and controls.

-S— PDA

-H— BPDA (Buffered PDA)

-A— BPDA plus 0.5? EtOH

-#— BPDA plus 2.0? EtOH

BPDA plus 3.5? EtOH

BPDA plus 1 mM cinnamic acid

BPDA plus 4 mM cinnamic acid

-ffi— BPDA plus 7 mM cinnamic acid

151



(u») M3i3HVia (iuo) M313I1VIQ

(ujo) JHJJHYKJ (iuo) munvia

155



Fig. 65. Diameter of mycelial growth vs. days of culture for

£. 3emitectum against cinnamic acid and controls.
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Fig. 66. Diameter of mycelial growth vs. days of culture for

F. equiset i against cinnamic acid and controls.
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Fig. 67. Diameter of mycelial growth vs. days of culture for

A. alternata against cinnamic acid and controls.
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Fig. 68. Diameter of mycelial growth vs. days of culture for A.

tenulsslma cpx. against cinneaic acid and controls.
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Fig. 69. Diameter of myoelial growth vs. days of culture for

A. f lavus against oinnamio acid and controls.
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Pol yphenols in. 3orghum

The Prussian blue CPB) test measures total polyphenols (Earp

et al 1981, Hahn et al 1981), and Price and Butler 1977). It is

based on the reduction by polyphenols (phenolic hydroxyl group) of

ferric ion to ferrous ion, which in turn reacted with K,Fe(CN), to
3 o

form a ferricyanide-ferrous ion complex known as Prussian blue

(Price and Butler 1977). The FeCl was prepared in acid medium

(HC1) so that the Prussian blue complex formed slowly enough to be

measured. The higher the polyphenol content, the darker the color.

The vanillin test measures proanthocyanidins (tannins) and

leucoanthocyanidins (catechins) as well as with other polyphenolic

compounds such as dihydroohalcones and flavanones (Earp et al 1981,

Hahn et al 1984, and Sarkar and Howarth 1976). The A-ring and a

single bond between C and C (Fig. 1C) are required for a positive

vanillin reaction. Tannins are condensation products of flavan-3-

ols and f lavan-3 , 4-diols . Thus, they give positive reaction with

vanillin (Gupta and Haslam 1980, and Sarkar and Howarth 1976).

The total polyphenols of sorghum samples by the PB, the vanil-

lin hydrochloric acid (V-HC1), the modified vanillin hydrochloric

acid (MV-HC1), and the MV-HC1 (24-hr) methods are presented in

Table 4. As expected for all four methods, SC0719, with a red

pericarp, testa layer, and dominant spreader had a much higher

polyphenol content than CS3541, which has a white pericarp with no

pigmented testa. Since most of polyphenols (particularly tannins)

are located in the testa layer, a sorghum variety with a pigmented

testa is expected to have high amount of total polyphenols. Table

5 showed the same results for both of the free and bound extracts

of both sorghum varieties by the PB and vanillin test. Further-
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Table 4

Total Polyphenols of Sorghum Samples

Methods that measure Cateohin Equivalents
(mg oateohln per g sorghum)

Sample
PB V-HC1 MV-HC1 MV-HCK24 hr)

CS3541 0.64 23.27 38.50 69.75

SC0719 1.14 119.61 230.21 408.31

PB = Prussian Blue.

V-HC1 = vanillin hydrochloric acid.

MV-HC1 = modified vanillin hydrochloric acid.
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Table 5

Total Polyphenols in Free and Bound Extracts of Sorghum Samples

Total Polyphenols (mg. catechin/g sorghum)

Free Bound

PB Vanillin PB Vanillin

Sample

CS3541

SC0719

0. 183

10.725

0. 148

3.130

1.314 2.640

17.438 4.433

PB = Prussian Blue
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more, the CS3541 bound extract had more polyphenols than the free

extract. The amount of polyphenols In the free and bound extracts

are about the same in SC0719, but the bound form contains somewhat

more than the free form.

HPLC separation

The free and bound extracts of sorghums CS35U1 and SC0719 were

also used for separation of substituted benzoic and cinnamic acids

by using high performance liquid chromatography (HPLC). HPLC has

been employed successfully for rapid and accurate qualitative and

quantitative analysis of phenolic acids (Hagerman and Nicholson

1982, Hahn et al 1983, and Murphy and Stutte 1978). The chromato-

graphic separation of the eight standards is illustrated in Figure

70. The analysis time was approximately 62 min., at a flow rate of

0.5 ml/rain. Baseline resolution was achieved with all compounds.

No appreciable baseline shift occurred due to absorbance by sol-

vents .

The retention data with coefficients of variation (CV), capa-

city factors (k>), and separation factors (o ) achieved by the

separation are shown in Table 6. Reproducibility of the separation

was good. The CV of eight peaks was 1.17 or less. The CV values

agreed with Hahn et al (1983) who found that the CV decreased as

retention time (t ) increased because of the sharper peaks obtained
r

by the use of gradient elution (increase in solvent strength over

time). The reproducibility of peak areas (Table 7) was not as good

as that of retention time, but was acceptable. The CV for most of

the peak areas was less than 10$ (3 .23-9. 16 $ ) . Only two of twenty

four values were over 10$, one was near 10$ (10.21$), and the other
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Fig. 70. The chromatographic separation of the phenolic acid

standards

.
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Table 6

Chromatographic Data - I

Acid

Compound

r

(Bin.)

cv

(i)

Gallic

Protocatechuic

p-Hydroxybenzoic

vanillic

Caf feic

p-Coumaric

Ferulic

Cinnamic

12.13° 0.88 0.95
2.42

20.51 1.17 2.29
1.83

32.37 0.93 1.20
1 .28

39.76 0.62 5.38
1 .07

42.08 0.78 5.75
1 .27

51 .79 0.28 7.31
1 .03

53-18 0.29 7.54
1.18

61.75 0.31 8.91

a => Flow rate of 0.5 ml/min.; t 6.23 min.

b => Average of twelve runs.
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had a CV of 15.79?. This resulted from detector noise and a slight-

ly over range peak. This also affected the correlation value. The

rest of the correlation values were good. In a multieoraponent

system, k' value should cluster around the optimum range, i.e., 1 $

k'<10 (Murphy and Stutte 1978). All of the k'values fall within the

optimum range (0.95 < k'<8.91), which are better than those report-

ed by Hahn et al (1983), and Murphy and Stutte (1978).

Eight Phenolic acids were identified in sorghum extracts. In

order of decreasing polarity they were: gallic, protocatechuic , p-

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

mic acids. Elution was in order of decreasing polarity, typical of

reverse-phase chromatography (Johnson and Stevenson 1978). Fig. 71

illustrates the standard curves of eight phenolic acids. Hahn et

al (1983) and Murphy and Stutte (1978) showed the relationship

between the structure of the benzoic and cinnamic acids and their

order of elution.

Extraction efficiency

The percent recovery of each phenolic acid standard using both

of the free and bound acid extraction procedures were calculated

(see Table 8). Extraction of free phenolic acids resulted in

recoveries of 87.18-98.21$ with CVs of 4.16-8.41$. The recoveries

for the extraction of free phenolic acids were good. However, the

recoveries for bound phenolic acids were much lower than those from

the extraction of free phenolic acids, yielding 6.68-61.63$ with

CVs of 4.02-20.47$. This may be because the acid3 are destroyed or

altered during acid hydrolysis (Hagerman and Nicholson 1982, and

Krygier et al 1982). An additional factor in poor recoveries may
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Fig. 71. Phenolic acid standard curves.
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Table 8

Extraction Recovery of Standard Phenolic Acids

a b
Free Extraction Bound Extraction

Procedure Procedure
Acid

Compound Recovery CV Recovery CV

(.%) (J) (%) (*)

Gallic 92.61 4.16 51.06 9.08

Protocateohuic 91.54 8.41 57.52 10.31

p-Hydroxybenzoic 90.00 7.64 61.63 9.07

Vanillic 91.37 5.03 59.68 11.24

Caffeic 90.88 7.10 6.68 4.02

p-Coumaric 98.24 4.23 10.01 20.47

Ferulio 92.86 8.41 12.30 15.55

Cinnamlc 87.18 6.87 59.23 9.63

a => Average of eight values,

b => Average of twelve values.
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be the nature of the initial extraction system. A floooulant

precipitate that is not soluble in either phase is present at the

interface of ethyl acetate and water system. This makes it diffi-

cult to partition cleanly (Hahn et al 1983) and, this may reduce

recoveries. The recoveries of caffeic, p-coumaric, and ferulic

acids were much lower than the other standard compounds. This is

the result of the conversion of their isomers during the bound acid

extraction in addition to the effect of acid hydrolysis. This also

affected the reproducibility (high CV values). Thus, accurate

determination of these compounds after acid hydrolysis is probably

not possible, although it is sometimes attempted (Charpentier and

Cowle3 1981, Hardin and Stutte 1980, and Murphy and Stutte 1978).

Phenolic a_c_id_s_ In sorghum

The amounts of eight phenolic acids in the two sorghum samples

are shown in Table 9. The majority of phenolic acids are present

as bound acids. Ho protocatechuic acid was found among bound

acids. All of the eight phenolic acids were found in CS3541 free

extract. Very small amounts of gallic, protocatechuic, and cinna-

mic acids were present. All but gallic and protocatechuic acids

were found in SC0719 free extract, of which caffeic and p-coumaric

acids are the major species. Small peaks corresponding to gallic,

protocatechuic, and cinnamic acids in the free form occurred infre-

quently and irreproducibly . This may result from the low solubility

of the compound and its tendency to adsorb to glass (Billette et al

1981). Therefore, the unidentified phenolic acids (i.e. gallic and

protocatechuic acids), particularly for the bound extracts may

present in the small amount in the samples but not seen due to low
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Table 9

Free and Bound Phenolic Aoid Composition of Sorghum Samples

Acid
Compound

Sorghum Samples
(ug/g. dry weight basis)

CS3541

Free Bound

SC0719

Free Bound

Gallic 0.30 31.83

Protocateohuic 0.08

p-Hydroxybenzoic 5.14 10.14

Vanillic 2.30 268.10

Caffeic 6.16 224.55

p-coumaric 3.21 124.88

Ferulio 2.21 1,341.41

Cinnamic 0.08 75.98

41 .95

2. 78 10.,22

2..19 193.,53

20..36 471 ..56

14 .25 125..87

3-.77 819..51

.02 39.,00
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recovery from the extracts.

In addition to the above phenolic acids, there were several

additional peaks present in the grain extract that were not identi-

fied (Fig. 72). There are several possible explanations for this.

Either sorghum extract contained more than eight phenolic acids for

which we had standards or not only benzoic and cinnamic acids were

eluted with MeOH after applying the extract to the C-18 Sep-Pak

cartridges. In the latter situation, other low M.W. phenolic com-

pounds that pass through the cartridges may have been eluted along

with the phenolic acids. In the bound extract, some peaks were

almost certainly the isomers of the standard phenolic acids, i.e.,

caffeic, p-coumaric, ferulic, and cinnamic acids, which were con-

verted during extraction procedure. In summary, the data showed

that there is difference between the free and bound extracts of

the same variety, but little difference in the distribution and

amounts of those eight compounds in either the free or bound form.

Phenolic acids a_n_d_ resistance Jlq_ fungal attack

Sorghum CS3511 and SC0719 are rated resistant to molding and

weathering (Table 1). The results of the in. vitro analysis for

activity of sorghum extracts of both varieties against fungal

growth indicated that the compounds effective against fungi were

originally in the bound form. The bound extracts of both samples

contain high amounts of phenolic acids (Table 9), more of which is

present in CS3541 than in SC0719. However, the total polyphenol

content of CS3541 is le3S than SC0719 (Table 5). As previously

mentioned, the CS3511 bound extract is more effective than SC0719

bound extract in inhibiting fungal growth. Therefore, the total
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Fig. 72. Free and bound phenolic acid chromatograms of

sorghum CS3511 and SC0719.

A. Free phenolic acids of CS3541

B. Bound phenolic acids of CS3541

C. Free phenolic acids of SC0719

D. Bound phenolic acids of SC0719
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polyphenol content does not reflect the resistance in sorghum.

Tannins may or may not inhibit the fungal growth because SC0719

free extract, with high tannins, does not show the fungal growth

inhibition. However, a slight inhibition was also observed (as

previously discussed). Furthermore, CS3511 is relatively low in

tannins but its bound extract is very effective against fungal

growth. The resistant compounds therefore are likely to be non-

tannin polyphenols (probably phenolic acids). In addition, pheno-

lic acids found in high concentration in the bound extract (i.e. p-

coumaric, ferulic, vanillic, and cinnamic acids), were shown to

have inhibitory effects against fungal growth as the "pure" acid.

Hahn et al (1983) found that sorghum grain resistant to fungal

attack contained both a greater variety and larger amounts of the

identified phenolic acids and unknown compounds than did suscepti-

ble varieties.

An alternative explanation for the activity of bound extracts

centers on the changes induced by hydrolysis and extraction. Kry-

gier et al (1982a, b) have demonstrated that acid hydrolysis re-

sults in uncontrolled oxidation of phenolic acids. As discussed in

the literature review, oxidation of some phenolic compounds can

increase their activity against fungal growth. Thus, it is possi-

ble that the growth inhibiting activity shown by bound extracts is

due to the creation of highly potent oxidation products during acid

hydrolysis. This possibility can be tested (i.e. by hydrolyzing

and testing free extracts or model compounds).

Phenolic acids do not necessarily account for all the inhibi-

tory activity against fungi. Tannins are reported to be important

factors in resistance to fungi (Bullard and Elias 1980, and Gupta
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and Haslam 1980). It might be true for some sorghum varieties but

it is not in the case of sorghum CS3541 and probably not for

SC0719. Tannins might be in part playing a role in resistance in

addition to that played by phenolic acids. The inhibitory effect

of tannins in the SC0719 free extract may be overshadowed by the

stimulatory effects of other compounds of the extracts. Further-

more, other resistant compounds (i.e. flavonoids, unidentified

compounds) may also be responsible for the resistance.

Different varieties of sorghums may have different resistance

mechanisms. Sorghums resistant to one genus of fungus are not

necessarily resistant to other genera due to differences in modes

of fungal attack. Hahn et al (1983) suggests that the resistance

mechanisms in sorghum are specific to the genus of fungi and/or

mode of fungal attack. The mechanism associated with the presence

of phenolic acids is, as yet, unexplained. However, their acidity

(low pH) and toxicity may be the major reason for growth fungal

inhibition. Their toxicity has been reported in other plants

(Kosuge 1969, and Pridham 1960). The astringency of tannins was

reported to impart a degree of mold resistance or tolerance (Hahn

et al 1984). The ability of tannins to bind and precipitate pro-

teins (Butler et al 1980) and inhibit enzyme activity may give them

antifungal properties (Hahn et al 1983).

The fungal growth stimulation of free extracts is an interes-

ting observation. A similar observation was previously reported in

other plant systems (Farkas and Kiraly 1962, Friend 1977, and Van

Sumere 1960). The stimulatory effects may be due to the unidenti-

fied polyphenols present in free extracts. These polyphenols may

provide carbon sources for the fungal growth. Westlake et al
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(1961) reported that some fungi, including A. Flavus Fusarium , and

Alternaria . can utilize flavonoids and release carbon monoxide (an

important, active, 1-carbon metabolite in the carbon cycle). How-

ever, unidentified stimulators of mycelial growth and spore germi-

nation changed to inhibitors after oxidation with either phenolase

or peroxidase and HO in red clover plant (Friend 1977). The

inhibitory action of the oxidized phenolic compounds was mediated

through an inhibition of the action of the unidentified stimulator

of spore germination and mycelial growth. This is consistent with

observations made on the bound extracts. Therefore, the oxidized

unidentified polyphenols in the free form may, in part, inhibit the

fungal growth. This agrees well with tests on sorghum SC0719,

which is rated very highly resistant due to its high content of

unidentified polyphenols in addition to phenolic acids and tannins.

Resistance to fungal attack could not be accounted solely to pheno-

lic content or profile. Tannin content or unidentified polyphenols

also contribute to inhibition of fungal growth.
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CONCLUSION

The plug outgrowth method for assessing the in. vitro activity

of non-tannin polyphenols against fungal growth was both accurate

and repeatable. It was capable of quantitating the mycelial growth

of all the fungi used in this study and demonstrating differences

in their growth curves.

All model or purified individual phenolic acids of p-couma-

ric, ferulic, vanillic, and cinnamic acids were effective in inhi-

biting fungal growth in. vitro . The inhibition was affected by both

the acids and the species of fungus. In order of decreasing anti-

fungal activity, the acids were; cinnamic > ferulic > p-coumaric >

vanillic acid. Decreasing the polarity of phenolic acid increased

its inhibitory activity. Cinnamic acid inhibited all fungal

growth, even at concentration as low as 1 mM The growth inhibi-

tion by ferulic acid started at 1 mM for most of the fungi tested,

except for A. f lavus which occurred at 4 mM. p-Coumaric acid

inhibited £. eouiseti E. semitectum . and A. tenuissima cpx. at 1

mM , f_. moniliforme at t mM , and A- alternat e at 7 mM. No inhibi-

tion was observed at any concentration tested for A. f lavus .

Vanillic acid, which was the least effective of the four phenolic

acids, inhibited F. eauiseti at 1 mM , £. semitectum at 7 mM

.

Slight inhibition was observed at 1 mM for F_. moniliforme . There

was no inhibition detected for Alternaria spp. and A. f lavu s In

order of decreasing sensitivity to phenolic acids, fungi were

ranked as; £. eouiseti > £. moniliforme > £, semitectu m > A-

tenuissima cpx. > A. alternate > A- flavus .

When phenolic acid extracts were tested, the inhibition of
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fungal growth was apparently due to the acids originally In the

bound form. These extracts of both samples showed similar inhibi-

tory effects on fungal growth as did the model phenolic acids.

They affected Fusarlum > Alternaria > A. flavus. The growth inhi-

bition by the CS3541 bound extract was observed at 0.16, 0.37. and

0.79 mg catechin equivalent/milliliter (CE/ml) for Fusarlum , Alter-

naria . and A. flavus respectively. SC0719 bound extract inhibited

Fnsarium at 2.33 mg CE/ml but Alternaria and A. flavus at 23.3 mg

CE/ml. Complete inhibition occurred at 23.3 mg CE/ml for all fungi

except A. flavus . However, the free phenolic acid extracts stimu-

lated fungal growth. Oxidation of the bound acids (during hydroly-

sis) to potent inhibitors of fungal growth is a possible explana-

tion for the difference between free and bound extracts.

Eight phenolic acids in the sorghum extracts were identified

by using HPLC: gallic, protocatechuic , p-hydroxybenzoic , vanillic,

caffeic, p-coumaric , ferulic, and cinnamic. The majority of these

acids were present in the "bound" form. All of the eight phenolic

acids (except protocatechuic acid) were present as bound form in

both samples. However, low concentrations of p-hydroxybenzoic,

vanillic, p-coumaric, ferulic, and cinnamic acids were present in

the free acid extract of SC0719. All of the eight phenolic acids

were found in CS3541 free acid extract. By comparing fungal growth

inhibition between purified phenolic acids and the polyphenol en-

riched extract, it was concluded that phenolic acids originally in

the bound form were active in the growth inhibition seen for both

sorghums. However, resistance to fungal attack could not be ac-

counted solely to phenolic content or profile. Tannin content or

unidentified polyphenols or changes due to extraction conditions
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may also contribute to fungal resistance and the observed in. vitro

results.
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ABSTHACT

Two grain mold and weathering resistant sorghum varieties that

differed in tannin content were used for in. vitro analysis of the

effects of non-tannin polyphenols on the growth of potential myco-

toxin-producing fungi. The fungi selected for testing included:

Fnsarium mini liforme . Fuaarium aemitectum. FusariUB eau i seti ,

Alt.ernaria alternata . Alternaria tenuissima cpx., and Asperg ill us

flavus . Fungal growth was determined in. vitro on PDA or buffered

PDA by a plug outgrowth method. Colony diameter on the control and

experimental plates was measured daily for six days.

Four phenolic acids occurring in sorghum (ferulic, p-coumerle,

vanillic, and cinnamic acids) were chosen as model compounds and

tested in. vitro at ImM, UmH, and 7mM. The extent of growth inhibi-

tion and minimum inhibitory concentration depended upon the fungus

tested. In order of decreasing antifungal activity, the acids were

ranked as cinnamic > ferulic > p-coumaric > vanillic acid. In

addition, activity was affected by the polarity of the acids.

Free and bound phenolic acid extracts from sorghum CS3541 and

SC0719 were used at increasing concentrations in a study of in.

vi tro activity of polyphenols against fungal growth. Inhibition of

fungal growth was observed in the presence of the bound acid3. The

free phenolic acid extracts stimulated fungal growth.

Using HPLC (high performance liquid chromatography), eight

phenolic acids were identified in the sorghum extracts tested.

They were; gallic, protocatechuic ,
p-hydroxybenzoic , vanillic,

caffeic, p-coumaric, ferulic, and cinnamic. The majority of pheno-

lic acids are present in the "bound" form. However, low concentra-



tions of p-Hydroxybenzoic , vanillic, p-coumaric , ferulio, and cin-

namio acids were found in the free form in extracts of SC0719. All

of the eight phenolic acids were found in SC35U1 free acid extract.

By comparing fungal growth inhibition between purified phenolic

acids and the polyphenol enriched extract, was concluded that

phenolic acids in bound form were active in the observed growth

inhibition. However, resistance to fungal attack could not be

accounted solely to phenolic content or profile. Tannin content or

unidentified polyphenols also contribute to inhibition of fungal

growth.


