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Sorghum plants excrete phenolic acids which reduce

subsequent crop yields. These acids accumulate in field

soil by combining with soil and clay particles to form

stable complexes which remain until degraded by bacterial

metabolism.

The amount of phenolic acids in soil samples were

obtained by gas chromatography measurements, while

Azotobacter populations were obtained by plate counts in 40

sorghum field samples from Denton County, Texas.

One can conclude that increasing the Azotobacter

population in the soil increased the degradation rate of

phenolic acids proportionally. It is proposed that seed

inoculation will introduce selected strains of Azotobacter

into the soil. The presence of Azotobacter should increase

crop size in subsequent plantings.
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CHAPTER I

INTRODUCTION

Much evidence suggests that phenolic compounds of

several types are important in the resistance of plants to

infection by fungal, bacterial, and viral diseases. These

phenols must be inhibitory to bacteria and fungi to prevent

the diseases caused by these organisms (Rice 1984, Putnam

and Tang 1986, Tang 1986). Exudation of aromatic com-

pounds, including phenolics, by plant roots is also a common

phenomenon. Root exudates consist of substances synthesized

in the plant and released into the surrounding soil by

healthy, intact root hairs (Waller 1987). There is a great

variety of substances and their combined actions are

complex. They can inhibit or stimulate the growth of plants

and microorganisms (Green 1986, Young 1986), and these

effects can be reversed as the composition of the exudate

changes. To a large extent, neither the composition of root

exudates nor their effects on plants and micro-organisms is

well understood (Stevenson 1982).

A phenomenon known as "soil sickness" is a complex

natural occurrence in which plants degenerate when grown in

the same soil where plants of the same species have grown

previously (Young 1986). This was observed as long ago as

1
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300 B.C. when Theophrastus, the Father of Botany, observed

that plantings of chick pea "exhaust" the ground and destroy

weeds. In addition, Pliny (Plinus Secundus 1 A.D.) not

only reported "scorched up" corn land, but also recognized

soil toxicity in the area surrounding walnut trees (Rice

1984, Young 1986).

In 1832, De Candolle (Tang 1986) ascribed the problem

of soil sickness to the toxic exudates produced by certain

crop plants. It also has been shown that many monoculture

systems lead to a soil sickness problem. This is presumably

due to an unbalance of soil microorganisms, the accumula-

tion of soil toxins, mineral deficiencies, or abnormal soil

acidity. It is well established that these conditions lead

to decreased crop productivity.

Schriener and his associates (Chou 1986) reported

during the 1900's that soil sickness due to single cropping

might be caused by growth inhibitors added to the soil as

the plants grow. These inhibitors were called allelo-

chemicals, or phytotoxins, and phenolic acids were

identified as a major constituent among them (Rice 1984).

Many phytotoxic compounds produced by higher plants are

phenolic compounds which are excreted by the roots of plants

(Mandau 1985). Phenolic compounds are sometimes produced in

very large amounts and, often, these exhibit an inhibitory

effect on seedling growth (Duke 1985). Phenolics were the

dominant group of compounds identified in many rhizosphere
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soil samples. Many investigators studied soil extracts and

found that: phenolic acids make up a great part of the phyto-

toxins. We et al. (Chou 1986) indicated that the phytotoxic

phenolic compounds did not come from microorganisms but that

they were directly released from decomposing rice plant

residues (Chou 1986). Einhellig and Rassmussen (1978)

identified three phenolic compounds isolated from curly dock

extract and found that these compounds inhibited sorghum

seed germination. Sorghum plants (Sorghum bicolor) excrete

large amounts of phenolic compounds, including p-hydroxy-

benzoic, p-coumaric, ferulic, vanillic, protocatechuic,

syringic, and p-hydroxybenzoic acids (Duke 1985, Mandau

1985, Netzly 1986, Rice 1984).

Guenzi and MaCalla (1966) identified and quantified five

phenolic acids in mature plant residues of oat, wheat,

sorghum, and corn. These five compounds were p-coumaric,

syringic, vanillic, ferulic, and p-hydroxybenzoic acids.

p-Coumaric acid was present in the greatest amount, but all

five acids were inhibitory to growth of wheat seedlings.

These five acids are normally present in low concentration

in the soil and show a synergistic effect, particularly

under suboptimal growth conditions (Guenzi and McCalla

1966).

There have been numerous suggestions in the literature

that synergistic actions probably result from combinations

of phenolic compounds which affect sorghum growth (Einhellig
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1972, Einhellig 1986, Einhellig et al. 1982, Rasmussen and

Einhellig 1979). Ferulic acid at a concentration of

5 x 10- 4 M together with p-coumaric acid at a concentration

of 5 x 10- 3 M shows synergistic phytotoxic effects

(Rasmussen and Einhellig 1977). Equimolar mixtures

(2.5 x 10- 4 M) of both acids reduce sorghum growth more than

does either of the compounds when used alone. Vanillic and

p-hydroxybenzoic acid concentrations also exert synergistic

action which inhibits sorghum seed germination (Einhellig

and Rasmussen 1978). Rasmussen and Einhellig (1977)

extended their previous work on the synergistic effects of

ferulic, p-coumaric, and vanillic acids. They found that an

equimolar combination of 3.3 x 10- 3 M of each of these

compounds showed synergistic inhibition of sorghum seed

germination. Williams and Hoagland (1982) tested twelve

phenolic compounds, singly and in some two-member combina-

tions, against seed germination of four crops and five weed

species, including sorghum. The concentrations tested were

1 x 10- 3 and 1 x 10-5 M. There was little effect of any

compound at 1 x 10-5 M. At 1 x 10-3 M, some phenolic acids

inhibited seed germi-nation, while others were ineffective.

The combination of coumarin and p-hydroxybenzaldehyde had an

additive effect on germination of two weed species,

inhibiting germination to a greater extent than either

compound alone.
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Pareek and Gaure (1973) found that concentrations of

vanillic, p-hydroxybenzoic, p-coumaric, salicylic, and

syringic acids were considerably higher in rhizosphere soils

of Zea Mys than in non-rhizosphere soils. On the other

hand,, they found "pyrocatechol" (sic Rice 1984) only in non-

rhizosphere soils. The concentrations of p-hydroxybenzoic

and salicylic acids were also much higher in rhizosphere

soils of mung bean plants than in non-rhizosphere soil (Rice

1984). Rice (1984) investigated the effect of p-hydroxy-

benzoic, p-coumaric, vanillic, ferulic, and o-hydroxy-

phenylacetic acids and concluded that a combination of all

five compounds was particularly effective in inhibiting

growth and nitrogen fixation. They interpreted these

findings as indicative of the synergistic effect of phenolic

acids in decomposing rice residues. Rice (1984) and Ring

(1988) note this as an especially important phenomenon

because the five compounds reported are the ones that are

always present in the soil.

Little research has been done on the effects of

phenolic acids on crop plants, and no work has been reported

in sorghum. Practical knowledge and limited controlled

observations made in Senegal, Africa, show that growth of

sorghum in sandy soils is markedly decreased when a second

crop is planted. Burgos-Leon and his colleagues (1980)

investigated the nature of this phenomenon and concluded
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that the principal inhibitors in the roots of sorghum are

p-coumaric, m-hydroxybenzoic, and protocatechuic acids.

Chandramohan et al. (1973) isolated vanillic,

p-hydroxybenzoic, p-coumaric, and three unidentified

phenolic acids from rice field soils in northern India.

They found that these phenols inhibited the growth of rice.

Also, it has been commonly observed that the yield of the

second rice crop in a paddy is less than that of the first

crop in the same paddy. Chou (1986) and Line and Loutit

(1969) studied the effects of decomposing rice residues in

soil on the growth of rice plants and found that aqueous

extracts contained five phytotoxins: p-hydroxybenzoic,

p-coumaric, vanillic, ferulic, and o-hydroxyphenylacetic

acids. In Korea, Lee et al. (cited in Rice 1984) suggested

that phenolic acids (allelochemicals) could be responsible

for the very poor harvests of eggplant in subsequent

eggplant plantings and found that incorporation of the

previous year's root residues into fresh soil severely

reduced growth of new plantings. In addition, it has been

observed that Johnson grass produced toxins that exude from

roots and rhizomes. The compounds studied inhibited seed

germination and seedling growth. p-Coumaric and p-hydroxy-

benzoic acids were the main plant inhibitors found in this

grass (Rice 1984).

These phenolic acids caused deleterious effects on

soil which are well known and recognized in Texas as "soil
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burnout." Phenolic acids combine with the sorghum soil clay

to form stable complexes that remain in the soil for

extended periods of time. This phenomenon caused the second

successive crop of sorghum grown on the same land to be only

75% as large as the first crop. Subsequent crops are

affected even more because of the accumulated phenolic

acids. Indeed, it is believed that it is not profitable to

plant a third crop. Clearly the economic impact of succes-

sive sorghum crops is significant.

The effect of succeeding sorghum crops can be

ameliorated by adding large quantities of fertilizers

(Desala and Konda 1984). Furthermore, addition of nitrogen

fertilizers decreases the concentration of phenolic com-

pounds, because high nitrogen application to soil plays a

dual role in increasing productivity. It improves nitrogen

nutrition, and it decreases toxicity of the soil caused by

phenolic compounds (Rice 1984). Many investigators have

demonstrated that increasing levels of nitrogen, phosphorus,

and most other major elements decreases the concentrations

of phenolic compounds in most experimental plants. However,

the cost is excessive and profits decrease proportionately

(Sri Ramartnam et al. 1987).

Crop rotation is an effective method for eliminating

the cause of this problem (Chou 1986). Leaving the land

unfarmed is also unprofitable, especially if sorghum is a

major cash crop in the area (Hulse 1980). The phenolic
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compounds remain in the soil until bacteria degrade them by

metabolic reactions (Hardisson 1969, McLaren 1967, Morita

1965).

The Azotobacters

Bacteria of the genus Azotobacter comprise a large and

important segment of the soil microflora (Thompson and

Skerman 1979). They are assumed to be important "nitrogen

bacteria" and essential members of the nitrogen cycle in

nature. The ability of Azotobacter to fix nitrogen was

definitively established by Beijerinck in 1901 and has

served as a distinguishing characteristic of these bacteria

since then. However, it has been shown that they fix

nitrogen gas (N2) only in the absence of nitrogen compounds

such as urea, NH4+, and N03~, and will utilize these

preferentially when they are available (Vela and Rosenthal

1972, Wu 1987). Although no definitive, unambiguous infor-

mation regarding nitrogen fixation by azotobacters in nature

is available in the literature, the assumptions made by

Beijerinck, based on laboratory observations, have gone

unchallenged and are still part of every microbiology

textbook (Wu 1987). Azotobacteraceae and the following

families have the ability to utilize aromatic compounds as

the sole source of carbon for growth: Coccaceae,

Mycobacteriaceae, Bacillaceae, and Pseudomonaceae (McLaren

1985). However, the abilities of these organisms to degrade
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phenolic acids are not easily comparable because of the

different enzymes involved (Stanier et al. 1963). On the

other hand, Azotobacter and pseudomonas share evolutionary

histories because they possess similar (almost identical)

metabolic pathways for the degradation of benzoic substances

(Dagley 1967, Durham et al. 1980).

Azotobacters probably do not have to compete for carbo-

hydrates in nature if ample supplies of utilizable sub-

stances, such as phenolic acids, are available. In like

manner, if urea, NH4 +, and N03- are available in the soil,

they will probably utilize these in preference to N 2 .

Azotobacter vinelandii grow abundantly in a soil dialyzate

and do so without fixing nitrogen (Gonzales-Lopez and Vela

1981, Wu 1987). Azotobacter grow by oxidizing phenolic

acids from the soil and use the minerals found therein,

including all nitrogen required for growth (Wu 1982).

Phenolic acids present in the soil provide carbon and energy

for growth of the different strains of azotobacters in the

soil (Moreno and Gonzales-Lopez 1988).

Metabolism of Phenols

The oxidative degradation of phenolic acids involves

metabolism through a pathway that includes protocatechuate

(figure 1) and catechol (figure 2). These intermediates are

converted to aliphatic compounds by oxygenative ring cleave.

Two methods of orthodioxyphenol cleavage have been
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demonstrated. The first is ortho cleavage, oxidative fis-

sion of the bond between carbon atoms bearing the hydroxyl

group. The second is meta cleavage, rupture of the aromatic

structure at the carbon-to-carbon bond adjacent to the

ortho-phenol group (Dagley 1967, Duke 1985, Hardisson 1969).

Through these reactions, the six carbon atoms of the

aromatic nucleus in the primary substrate are converted to

the six carbon atoms of an aliphatic acid, 6-ketoadipic

acid. This is in turn cleaved to acetyl-CoA and succinic

acid, both of which can immediately enter the TCA cycle

(figure 3).



11

CHOH-COOH

O p-hydroxy mandelate

OH

C4K3

COOH

toluate

CO-COOH

0
OH

*OU
COOK

COOK

O ON
ON H

bnzoate COshikimate

COOK

COOKNm -h y Ox N z p-hydroxybenzoate

m-hydroxybenzoatCeH

ON

HO COOH

*OH
quinate-

HO COOH

10 OH
OH

COOH

OCH3

OK

vanillate

protocatechuate

Figure 1. Pathways for the bacterial metabolism of aromatic
compounds through protocatechuate.

SOURCE: R. Y. Stanier; M. Doudoroff; E. Adelberg. The
microbial world. 4th ed. Englewood Cliffs, NJ: Prentice-
Hall Inc.; 1963; 172.

i



C HOH-COOH

mandelatet0

ii
Co-Coo H

benzoylformate
phenanthreneEIi:

\ CHO

benzaldehyde0

E benzo

naphthalene

0OON
O a

salicyate

COOH

atet

HO COc

benzene

O:H

catechol

C H3

i toluene

C H20H

benzyl alcohol
COOH

CH2

tryptophan

COOK
NH 2

ON anthranilate

OH

C
phenol,

Figure 2. Pathways for the bacterial metabolism of aromatic
compounds through catechol.

SOURCE: R. Y. Stanier; M. Doudoroff; E. Adelberg. The
microbial world. 4th ed. Englewood Cliffs, NJ: Prentice-
Hall Inc.; 1963; 172.

12



HOOC oH

OH
Protocatechuatee

r 
2

H OOC X0 COOH

COOH

-carboxy-cisscis-muconate

OH
Catechol
02

COOH

COOH

cis,cis -Muconate

HOOC COOH
0cCCOOH

C=O c C=0
-carboxy-muconolactone Muconolactone

2 7  COOH

cK>c=o
6 -Ketoadipate enol lactone

0 C

c $ -ketoadipate
CoA

acetyl-CoA

succinnste CoA
COOK

-ketoadipyl-CoA

Figure 3. The 5-ketoadipate pathway.

SOURCE: R. Y. Stanier; M. Doudoroff; E. Adelberg. The
microbial world. 4th ed. Englewood Cliffs, NJ: Prentice-
Hall Inc.; 1963; 172.

13



CHAPTER II

MATERIALS AND METHODS

Soil Samples

Forty samples (ten before harvest, ten after harvest,

ten one month after harvest, and ten two months after

harvest) were collected from sorghum (Sorghum bicolor)

fields at farms in Krum, Texas (Ford and Pauls 1980) (see

figures 4, 5, and 6). Simultaneously, a total of twenty

soil samples from wheat fields were also collected for use

as controls (five each at the same time the sorghum samples

were taken).

Organisms

Bacteria of the genus Azotobacter were isolated from the

sorghum soil samples. Most of the isolates were

Azotobacter chroococcum, but no effort was made to determine

species or strain since this was not deemed necessary for

the objectives of this study. Azotobacter population

estimates were made according to the method of Miles and

Misra (1938) using modified Burk's nitrogen-free agar medium

(Wilson and Knight 1952) as modified by Vela and Rosenthal

(1972). Petri plates were incubated at 280C for 24 to 72

hours. Colonies were microscopically examined and the

isolates replated in the same medium for purification and

14
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Figure 4. Map of Texas, U.S.A., indicating Denton County.

SOURCE: A. Ford; E. Pauls (U.S.D.A./Soil Conservation
Service). Soil survey of Denton County, Texas; 1980:n.p.
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confirmation. All isolates were then classified according

to their morphological and biochemical characteristics. In

addition, the colonies were transferred to another modified

Burk's nitrogen-free agar medium for final identification.

Media

Modified Burk's nitrogen-free medium was used to grow

the Azotobacter isolates. It had the following composition

(mg/900 ml): K2 HPO4 , 800; MgSP4*7H2 0, 200; CaCl2H20, 50;

FeSO4o7H20, 10; NaMoO4*2H20, 2.5; and MnSO4*2H20, 1. To

prepare a solid medium, 15 g of Difco "pure" agar were

added and the medium was sterilized at 121*C for 15 minutes.

Five grams of glucose in 100 ml of water were sterilized

separately and added before use (Moreno and Gonzales-Lopez

1988). To avoid precipitation, CaCI2 was autoclaved

separately and added immediately before inoculation. The

final pH value of the medium was 7.3 (Hardisson et al.

1955).

The viable count, using a serial dilution of the

samples, was used and the spread plate method applied to

count the colonies of Azotobacter. The plates were

incubated at 280C for 48 to 72 hours, and the Dark-field

Quebec Colony Counter (Model #3330, American Optical

Company, Buffalo, New York) was used to count the colonies.

As previously stated, population counts were made on plates

by the method described by Miles and Misra (1938).
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Extraction of Phenolic Acids

Using a modification of the method described by Moreno

and Gonzales-Lopez (1988), soil medium was prepared by

adding 10 g of finely powdered soil from each soil sample

into 50 ml of distilled water in a 500 ml Ehrlenmeyer flask.

After 1 to 2 hours, the soil mixture was sterilized at 121 0C

for 15 minutes and kept overnight at room temperature. The

supernatant was removed and cleared by centrifugation at

10,000 X g for 10 minutes using a Sorvall Superspeed RC 2-B

automatic refrigerated centrifuge (Ivan Sorvall, Inc.,

Norwalk, Conn.) before filtering through a 0.22 mm membrane

filter. Each sample was then reduced to a small volume (ca.

5 ml) at 500C in a rotary evaporator (Buchler Flash

Evaporator #31542, Buchler Instruments, Fort Lee, N.J.)

under vacuum (water aspirator). This volume (ca. 5 ml) was

then transferred to a glass-stoppered test tube, chilled in

an ice bath, and acidified to pH 1-2 with ice-cold concen-

trated HC. Sodium chloride was added to saturation (ca. 26

g/l) and the medium extracted three times with equal volumes

of ethyl acetate. The combined extracts were placed in an

ice bath and extracted three times with 1/3 volumes of cold

10% (wt/vol) aqueous NaHCO3. The NaHCO3 washings were

combined, chilled in an ice bath, and acidified to pH 1-2

with ice-cold concentrated HC. This mixture was then

brought to room temperature and saturated with NaCl before

extracting three times with 1/3 volumes of ethyl acetate.
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The ethyl acetate extracts were pooled and stored at -209C

until needed. These were evaporated to dryness with a

stream of nitrogen gas, redissolved in 1 ml of ethyl ace-

tate, re-evaporated to dryness, and redissolved in 200 )L of

ethyl acetate (Moreno and Gonzales-Lopez 1988, Wu 1982, Wu

et al. 1987).

Gas Chromatography

Gas chromatography was used to determine the phenolic

acids in the soil by resolving an aliquot of 10 ML (Kuwatsuka

1973, Matsumoto 1980). This was resolved with a glass

column, 4 meters long and 2 mm inside diameter, packed with

3% OV-17 in Chromosorb Q (Alltech Associates, Inc.,

Deerfield, Ill.) in a Hewlett-Packard Chromatograph model

#5710A (Hewlett-Packard Corp., Avondale, Penn.) with flame

ionization detector at 2500C. Nitrogen was used as the

carrier gas at a flow rate of 35 ml/min. The injection port

temperature was 250 'C and the oven temperature program was

started at 80'C for 4 minutes and increased at a rate of

8'C/min. up to 190'C for 8 minutes. The chart speed was 10

inches/hour (Moreno and Gonzales-Lopez 1988, Wu 1982, Wu

et al. 1987).
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CHAPTER III

RESULTS

The data in table 1 are representative of viable cell

counts of Azotobacter in one gram of sorghum soil. They

show the population before harvest, after harvest, one month

after harvest, and two months after harvest. The mean

results show that the population of Azotobacter before

harvest (X = 72.1) is higher than after harvest (X = 60.4).

In most samples there are decreases in the Azotobacter

population (see figure 7).

Table 1. Viable cell count in 1 g of sorghum soil. Total
count is 1 x 10 4 number shown.

1 Month 2 Months
Collection Time Before After After After

Sample No. Harvest Harvest Harvest Harvest

01 54 45 42 27
02 81 87 57 37
03 77 34 32 60
04 75 50 50 47
05 89 85 41 52
06 90 72 41 52
07 64 57 48 31
08 71 68 55 60
09 68 50 58 52
10 52 56 51 48

Total 721 60445 466

Mean 72.1 60.4 47.5 46.6
SD 12.371 16.390 7.940 10.809
Mean + SD 84.481 76.790 55.440 57.409
Mean - SD 59.719 44.010 39.560 35.791

21
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Figure 7. Means, upper limits, and lower limits of the
Azotobacter population in sorghum soil samples. A = before
harvest; B = after harvest; C = one month after harvest;
D = two months after harvest.
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Table 2 presents data which show the viable cell count of

the Azotobacter population in wheat soil (used as a

control). The results indicate a population stability (see

figure 8). A comparison of figures 7 and 8 reveals a

similarity between the populations of Azotobacter in sorghum

soil samples and wheat soil samples.

Table 2. Viable cell count in 1 g of wheat soil. Total
count is 1 x 104 number shown (control).

1 Month 2 Months
Collection Time Before After After After
Sample No. Harvest Harvest Harvest Harvest

01 81 76 37 51
02 72 51 85 62
03 62 44 21 32
04 50 35 25 42
05 45 47 30 61

Total 310 253 198 248

Mean 62.0 50.6 39.6 49.6
SD 13.372 13.749 23.320 11.430
Mean + SD 75.372 64.349 62.920 61.030
Mean - SD 48.628 36.851 16.280 38.170

A baseline gas chromatographic retention time index of

the six phenolic acids used in this study--p-hydroxybenzoic,

vanillic, p-coumaric, protocatechuic, ferulic, and syringic

acids--is shown in figure 9. Sixty gas chromatographic

analyses of the soil samples were then obtained. The

analyses of the 10 sorghum soil samples taken before the

harvest show that a number of phenolic acids were present in
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Figure 8. Means, upper limits, and lower limits of the
Azotobacter population in wheat soil samples. A = before
harvest; B = after harvest; C = one month after harvest;
D = two months after harvest.
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varying amounts in the soil, including the six phenolic

acids involved in this study (figure 10).

The number of phenolic acids is reduced in the soil

samples taken immediately after harvest (figure 11), and

they are difficult to detect at all in the samples taken

one month after harvest (figure 12) and two months after

harvest (figure 13). The gas chromatographic analysis of

wheat soil samples shows the same pattern before harvest

(figure 14), immediately after harvest (figure 15), one

month after harvest (figure 16), and two months after

harvest (figure 17).
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Figure 9. Gas chromatography retention time index of
phenolic acids. 1 = p-hydroxybenzoic acid; 2 = vanillic
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Figure 12. Gas chromatography separation of phenolic acids
in sorghum soil one month after harvest. 1 = p-hydroxy-
benzoic acid; 3 = p-coumaric acid; 4 = protocatechuic acid;
5 = ferulic acid; 6 = syringic acid; * = unidentified
compound
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in sorghum soil two months after harvest. 1 = p-hydroxy-
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Figure 14. Gas chromatography separation of phenolic acids
in wheat soil before harvest. 1 = p-hydroxybenzoic acid;
3 = p-coumaric acid; 4 = protocatechuic acid; 5 = ferulic
acid; 6 = syringic acid; * = unidentified compound
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Figure 15. Gas chromatography separation of phenolic acids
in wheat soil after harvest. 1 = p-hydroxybenzoic acid;
3 = p-coumaric acid; 4 = protocatechuic acid; 5 = ferulic
acid; 6 = syringic acid
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Figure 16. Gas chromatography separation of phenolic acids
in wheat soil one month after harvest. 1 = p-hydroxybenzoic
acid; 4 = protocatechuic acid; 6 = syringic acid;
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CHAPTER IV

DISCUSSION

Azotobacters are microorganisms widely distributed in

soil and in the rhizophere. Their ability to fix nitrogen

in chemically defined, nitrogen-free media, as discovered in

1901 by Beijernick, has been confirmed by countless studies.

However, the ability of azotobacters to fix nitrogen in the

soil is still a moot question (Wu et al. 1987). It has been

well established that Azotobacter oxidizes many aromatic

compounds. Phenolic acids are energy-rich substances metab-

olized only by a few soil microorganisms, among which Azoto-

bacter is prominent (Dagley 1967, Moreno and Gonzales-Lopez

1988).

It is also well established that sorghum plants excrete

large amounts of phenolic compounds into the soil causing

the deleterious effects that result in "soil burnout." The

phenolic acids combine with the sorghum soil clay to form

stable complexes.

The impact of this phenomenon on crop size and, conse-

quently, economic value is of major importance to every

Texan. The latest data available from the United States

Department of Agriculture (1987) show that there are

35
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3,950,000 acres of land devoted to sorghum culture in Texas.

The value of this crop in 1986 was $342 million (see

table 3). Data for subsequent years are not available.

Table 3. Area, Yield, and Production of Sorghum in the
United States and Texas, 1984-1986.

Land Use Location 1984 1985 1986

Area Planted
for All USA 17,254 18,285 15,321
Purposes Texas 4,350 4,300 4,050
(1,000 acres)

Area Harvested USA 15,355 16,782 13,904
(1,000 Acres) Texas 3,950 4,100 3,750

Yield per USA 56.4 66.8 67.7Harvested Area Texas 53.0 59.0 57.0
(Bushels)

Production USA 866,241 1,120,271 941,634
(1,000 Bushels) Texas 209,350 241,900 213,750

Value of USA 2,054,805 2,538,322 1,315,833
Production Texas 540,123 575,722 342,000
($1 ,000)

SOURCE: United States Department of Agriculture. National
agricultural statistics service report, 1987. Washington,
DC: U.S. Government Printing Office; 1987:52.

Wu et al. (1987) reported that Azotobacter vinelandii

grew in seventeen soils, each containing eleven to eighteen

different phenolic acids. The Azotobacter obtain carbon

and energy from the oxidation of phenolic acids. Moreover,

the Azotobacter do not have to compete for carbohydrates in
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nature if an ample number of utilizable substrates, such as

the phenolic acids, is available.

The data show that the viable cell count of Azotobacter

in sorghum fields is significantly greater before harvest

than after harvest. Before the sorghum plants are

harvested, they excrete large amounts of phenolic acids and

the Azotobacter degrade these phenolic acids by using them

as a source of carbon and energy. After harvest, the reduc-

tion in the amount of phenolic acids also reduces the popu-

lation of Azotobacter. The gas chromatographic analyses

show that the amount of phenolic acids rapidly decreased

after harvest.

Agronomists consider soil burnout to be one of the

major problems of modern agriculture (Hulse 1980). Although

sorghum crops are rotated with cotton and other crops, the

effect of phenolic acids in the soil is not eliminated, and

the economic effect remains comparable to that seen in

successive plantings of sorghum. Crop rotation is

successful only when accompanied by heavy application of

fertilizers (75 pounds of nitrogen per acre).

Bacteria of the genus Azotobacter are very effective in

removing phenolic acids from the soil (Moreno 1988, Wu et

al. 1987). The data presented in this study show that

increases of the Azotobacter population also increases the

rate of soil degradation proportionately. The ability of

Azotobacter to survive in dry soil for prolonged periods of
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time is well known (Moreno et al. 1985, Vela 1974).

Azotobacter remain dormant in dry soil more than 24 years by

forming cysts. Therefore, it can be concluded that

azotobacters can be applied to burned out soil to remove

phenolic acids by seed inoculation.

Further studies should focus on selection of an

Azotobacter strain that has the capability for degrading the

greatest number and quantity of phenolic acids. Once

selected, a plasmid study of these bacteria according to the

methods of Main et al. (1988) and Punita et al. (1989) may

be used in an effort to produce genetic recombinants in the

soil azotobacter. By restructuring the Azotobacter

chromosomes using a seed inoculation process. it should be

possible to eliminate organic molecules from the soil in

which sorghum has been grown. The cost of seed inoculation

is considerably less than the cost of adding nitrogen,

phosphate, and potassium to the soil in order to over the

ef f ects of sorghum soil burnout.
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