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The main objective of this study was to separate and 

characterize the pectic enzymes produced by races R5 -6 and R -2 of 

Fusarium oxysporum f. lycopersici (Sacc.) Snyd. & Hans. in culture 

and in diseased tomato plants. 

Various methods were investigated for the separation of 

pectin -methylesterase (PME) and polygalacturonase (PG). Precipita- 

tion with ethanol was partially successful as was column chromato- 

graphy on Celite and calcium phosphate gel. However, in all cases 

traces of PME were discovered in the PG fractions. 

Six peaks of PG activity were obtained from culture filtrates 

of races R5 -6 and R -2 by column chromatography on DEAE -cellulose. 

Assays for ability to reduce viscosity of the substrate and release re- 

ducing groups indicated that both races produce at least two PG en- 

zymes; one an endo -type PG that cleaves pectic chains at random, and 
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another an exo -type that primarily hydrolyzes terminal galacturonic 

acid groups. In 144 hours of incubation, the enzyme fractions from 

the two races hydrolyzed 16 -27 percent of the bonds of a sodium poly - 

pectate substrate. The fractions relatively high in endo -type PG 

hydrolyzed sodium polypectate to di -, tri -, and larger polymers of 

galacturonic acid. Fractions relatively high in exo -type PG produced 

monogalacturonic acid rapidly and large pectic fragments did not ac- 

cumulate. Fractions high in endo -type PG from the two races of 

Fusarium macerated potato tuber tissue readily with optimum activity 

in the pH range 3. 0 -3. 5. Fractions relatively high in exo -type PG 

were virtually unable to macerate tissues. 

The PG enzymes produced by races R5 -6 and R -2 in culture 

and in Bonny Best and Jefferson tomato stems, respectively, were 

similar in ability to reduce viscosity of the substrate and to release 

reducing groups. Optimum activity in these assays was from pH 4. 5 

to 5. 5, and in general the extracts from diseased plants were more 

active than the corresponding preparations from culture filtrates in 

the pH range from pH 5. 0 to 7. 0. Assays for tissue maceration and 

for hydrolysis products of enzyme action further suggest that the PG's 

produced by the races of Fusarium in culture are similar to the PG' s 

produced in their respective hosts. 

Evidence was obtained that both races of Fusarium produce 

a pectintranseliminase enzyme. Weak activity was obtained at an 



optimum pH of 5.0. Additional study will be necessary to characterize 

this enzyme from Fusarium. 
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CHARACTERIZATION OF PECTIC ENZYMES PRODUCED 
BY FUSARIUM OXYSPORUM F. LYCOPERSICI 

INTRODUCTION 

In tomato wilt caused by Fusarium oxysporum f. lycopersici 

(Sacc. ) Snyd, & Hans. the pathogen inhabits the soil and infects 

tomato plants through the roots. Inside the root, the fungus rapidly 

penetrates to the xylem tissue where it grows up through the xylem 

vessels into the stem and leaves. Infected plants develop disease 

symptoms, including epinasty, yellowing, and wilting of the leaves. 

In the final stages of the disease all plant tissues become necrotic 

and the pathogen develops saprophytically on the dead tissues. The 

fungus eventually sporulates on the surface of the dead host. 

Similar wilt diseases caused by different formae of F. oxy- 

sporum occur in other hosts. The symptoms of other wilt diseases 

caused by a variety of pathogens are strikingly similar, which sug- 

gests that different pathogens growing in a variety of hosts produce 

wilt diseases through a limited number of biochemical mechanisms 

(10). 

The possibility that pectic enzymes produced by the pathogen 

are involved in the Fusarium wilt syndrome was first suggested by 

Winstead and Walker (54). Although these enzymes have been the 

subject of several research projects, only one hypothesis has been 

suggested to explain their role in the Fusarium wilt syndrome. 
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According to this hypothesis (14), pectic enzymes are produced by 

the pathogen in the xylem vessels of the host. The enzymes diffuse 

from the vessels and hydrolyze the pectic substances of the middle 

lamellae and primary cell walls of adjacent xylem parenchyma cells. 

Large pectic fragments then diffuse back into the xylem elements 

and increase the viscosity of the xylem sap or form gels, either of 

which reduces the flow of xylem sap and initiates wilting. Very little 

evidence, has been obtained, however, that supports this hypothesis 

(10). 

The proposed mechanism for pectic enzymes in the wilt syn- 

drome is dependent upon the production by F. oxysporum f. lycoper- 

sici of a pectic enzyme that will hydrolyze pectic substances to re- 

latively large fragments and not to monogalacturonic acid or small 

polymers. The smaller units would not gel or increase viscosity of 

the xylem sap. 

Deese and Stahmann (6) suggest that F. oxysporum f. lycoper- 

sici produces an enzyme that hydrolyzes pectic substances to large 

fragments only, and that no monogalacturonic acid is produced by 

this fungus on a bran substrate. On the other hand, closely related 

formae of F. oxysporum produce enzymes that will hydrolyze pectic 

substances to mongalacturonic acid, and monogalacturonic acid has 

been identified in culture filtrates of F. oxysporum f. lycopersici 
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grown on pectin as the sole carbon source. 

To understand the mechanism of the pectic enzymes in the 

Fusarium wilt syndrome, it will be necessary to determine the exact 

type of enzyme produced by the pathogen in the host, and finally to 

reproduce at least a part of the syndrome with purified enzyme pre- 

parations. This research project was designed to gain additional in- 

formation on the nature of the pectic enzymes produced by F. oxy- 

sporum f. lycopersici. The objectives of this study were: 

1. To separate pectin methylesterase (PME) and polygalac- 

turonase (PG) enzymes produced by F. oxysporum f. 

lycopersici. 

2. To determine the types of PG produced by F. oxysporum 

f. lycopersici and attempt their separation. 

3. To characterize the PG enzymes produced by F. oxy- 

sporum f. lycopersici in culture and in diseased tomato 

plants. 

Solutions to these problems should develop a background for 

additional studies aimed directly at determining the roles of these 

enzymes in the Fusarium wilt syndrome. This information would 

also aid in understanding wilt diseases of many hosts produced by 

other pathogens. 
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LITERATURE REVIEW 

Pectic substances. -- Characterization of pectic enzymes 

has been limited by lack of knowledge of the complex macromolecules 

of the pectic substrates. The pectic substances are polymers of D- 

galacturonic acid joined in linear chains by a -1, 4 glycosidic linkages; 

their structure and properties have been reviewed (7, 9, 22, 24). 

The properties of the pectic substances are primarily due to the 

chain length of the macromolecules and the chemical configuration 

of the No. 6 carbon of the galacturonic acid units. When all the No. 

6 carbons are free carboxyls, the term "pectic acid" is applied to 

the pectic substance. Generally pectic acids and their salts (pectates) 

formed with divalent cations (e. q. , Ca + +, Mg + +) are water insoluble. 

Pectates formed with potassium, sodium, or ammonium are water 

soluble. Esterification of the No. 6 carbon with methanol gives pec- 

tic substances termed "pectinic acids" or "pectinates. " Water solu- 

bility of pectinic acid and pectinates increases with increasing me- 

thoxylation. The general term "pectin'.' applies to water -soluble 

pectinic acids with varying methylester content above seven percent 

on a wt /wt basis. "Protopectin" is the water insoluble pectic sub- 

stance that forms the matrix of the primary cell wall of higher plants. 

Hydrolysis of protopectin in dilute acid yields soluble pectinic acids 
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with various properties (21). In higher plant tissues there are nonu- 

ronide materials (primarily galactans and arabans) that are mixed 

with or linked covalently to the polygalacturonides. Hydrolysis of 

protopectin is probably an important step in the pathogenesis of high- 

er plant cells by bacteria and fungi. According to Kertesz (21), 

many investigators believe that protopectin is formed by bonding of 

pectinic acids to cellulose, however, there is no experimental evi- 

dence for this association. The water insolubility and other proper- 

ties of protopectin have been attributed to (A) high molecular weight; 

(B) cross linkages between adjacent polyuronide chains by calcium 

and magnesium ions and anhydride linkages or hydrogen bonding; 

(C) linkage with the occasional carboxyl groups which occur in cellu- 

lose; and (D) by bonding with hemicelluloses, xylan and arabans. 

Pectic substances are colloidal and vary considerably with 

respect to esterification. The 100 percent methoxylated pectin, 

which would contain 16. 34 percent methoxyl on a wt /wt basis, has 

never been isolated. However, pectic substances with methoxyl con- 

tent up to 14 percent have been isolated from all higher plants, parti- 

cularly from succulent tissues. 

Pectic enzymes. -- Pectic enzymes are produced extracellu- 

larly by a wide variety of microorganisms. Many plant pathogenic 

bacteria and fungi produce pectic enzymes that have been implicated 
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in disease syndromes. There are basically two types of pectic en- 

zymes: those that hydrolyze the a -1, 4 linkages of the galacturonic 

acid chains, and those that hydrolyze the ester linkage on the No. 6 

carbon. Various schemes have been devised for the classification 

of these enzymes (7, 9). However, these schemes were made obso- 

lete by the recent discovery of the transeliminase type of pectic en- 

zymes (1, 32, 51). Nevertheless, the classifications proposed by 

Demain and Phaff (7) and Deuel and Stutz (9) are still of value. The 

limitations of these classification systems result from lack of experi- 

mental evidence on the nature of the pectic substrates and the mode 

of action of the pectic enzymes. 

Pectinmethylesterase (PME) is a highly specific enzyme that 

catalyzes the hydrolysis of the methyl ester of pectins and pectinates 

to give methanol and pectinic acids of lower methoxyl content. Hydro- 

lysis is rarely complete; usually about ten percent of the carboxyl 

groups resist deesterification. Higher plants produce PME (21) in 

all tissues and many fungi and bacteria produce it extracellularly in 

media containing pectic substances. PME is considered to be an 

adaptive enzyme (22, 40), yet its production is stimulated by sub- 

stances such as glucose, mucic acid, and galacturonic acid which 

do not possess an ester linkage. 

Cations generally activate PME. Stimulation by divalent 
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cations is greater than by monovalent cations and is more than can 

be explained on the basis of ionic strength alone. Lineweaver and 

Jansen (23) have suggested that a cation - carboxyl complex is formed 

which prevents inactivation of the enzyme by the carboxyl groups 

produced during deesterification of the pectic substrates. 

PME activity may be determined by measuring the increase 

in carboxyl groups by titration with base or by determining the me- 

thanol produced during deesterification (21). 

Kertesz (21) defined PME activity in units as the mg of me- 

thoxyl hydrolyzed by 1 g or 1 ml of enzyme at pH 6. 0 and 30 °C in 

30 min. Lineweaver and Jansen (23) define one enzyme unit (PEu) 

as the quantity of enzyme which at 30 °C and at the optimum pH will 

catalyze the hydrolysis of pectinic acid at an initial rate of one milli - 

equivalent of ester bonds per minute in the presence of O. 15 M sodium 

chloride. 

In higher plants, PME is strongly adsorbed to cellular com- 

ponents and must be eluted by high pH or salt concentrations. 

Holden (15) found up to 34 percent of the PME in tomato plants was 

sap soluble. However, Holden's sap preparations were undoubtedly 

contaminated with cell wall fractions containing adsorbed PME be- 

cause inadequate precautions were taken to prevent contamination of 

the sap by cell debris. 
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Generally fungal PME's differ from the higher plant enzyme in 

several ways. For example, PME produced by Aspergillus and sever- 

al other fungi (21) is active in a salt -free medium, and is considerably 

more resistant to chemical inactivation than plant PME. Fungal 

PME's are generally more resistant to inactivation during dialysis. 

Jermyn and Tomkins (19) have demonstrated that fungal and tomato 

PME act independently of each other when allowed to act simultane- 

ously on a pectinic acid substrate. 

Polygalacturonase (PG) enzymes degrade pectic substances 

by hydrolysis of the a -1, 4 linkages between galacturonic acid units. 

There are basically two types of PG enzymes: those that hydrolyze 

the terminal galacturonic acid units of the pectic chains, and those 

that hydrolyze the 1 -4 linkages at random. Deuel and Stutz (9) clas- 

sify the PG's as Type I, II, or III. The Type I enzymes or liquefying 

polygalacturonases have a random type action on the a -1, 4 linkages 

of low methoxyl pectinic acids to yield pectinic acids of shorter chain 

length. Type II PG or a-pectin glycosidases have a random action 

on high methoxyl pectinic acids to form shorter chained polymers of 

pectinic acid. Type III PG or saccharifying polygalacturonases at- 

tack only the terminal bonds of pectic substances to yield monogalac- 

turonic acid. 

Demain and Phaff (7) classified these enzymes into two 

__ 
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divisions based on random hydrolysis or terminal hydrolysis. The 

enzymes which hydrolyze randomly are endopolymethylgalacturonases 

(endo -PMG). These attack pectinic acids and pectinates. Endopoly- 

galacturonase (endo -PG) enzymes hydrolyzes pectic acid substrates. 

Endo -PMG's are further classified on the basis of pH optima. Endo - 

PMG I type enzymes are most active at pH 5 -6, and endo -PMG II are 

most active at pH 8 -9. The enzymes that hydrolyze the terminal 

linkages of pectin and pectinates are designated exo-polymethylgalac - 

turonase (exo -PMG). Exopolygalacturonases (exo -PG) hydrolyze the 

terminal galacturonic acid units of pectic acid and pectates. The 

classification systems of Deuel and Stutz (9) and Demain and Phaff 

(7) are summarized in Table 1. 

"Protopectinase" has been used to designate enzymes that 

hydrolyze protopectin, but its existence as a single discrete enzyme 

remains somewhat of a controversy. Elarosi (11) suggests that 

protopectinase is not a single enzyme but a system of related en- 

zymes which may act successively to catalyze the hydrolysis of in- 

soluble protopectin to smaller soluble pectic substances. Elarosi 

further suggests that the specific properties of a protopectinase will 

depend on the kind and amount of the component enzymes. Others 

similarly doubt the existence of protopectinase as a single enzyme 

(2, 7, 21, 56). 
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Table 1. Classification systems for pectic enzymes. 

I. Demain and Phaff classification. 

A. Random mechanism of hydrolysis 

1. Pectin attacked in preference to pectic acid Endopolymethyl- 
galacturonase 

a. Partial hydrolysis at pH 5.0 to 6.0 Endopolymethyl- 
Product - 25% bonds hydrolyzed inter- galacturonase I 

mediate polyuronides or 4 -5 residues (endo -PMG I) 

per molecule 

b. Partial hydrolysis at pH 8.0 to 9.0 Endopolymethyl- 
Product - 14% hydrolysis in 24 hours, galacturonase II 

rapid loss of viscosity, intermediate (endo -PMG II) 

polyuronides, (no D- galacturonic 
acid) 

2. Pectic acid attacked in preference to pectin Endopolygalac- 
Product - 70% hydrolysis yielding a mixture turopase 

of digalacturonic and galacturonic acids (endo -PG) 

B. Terminal mechanism of hydrolysis 

1. Pectin attacked in preference to pectic acid Exopolymethyl- 
Products - hydrolysis of terminal glycoside galacturonase 
linkages, D- galacturonic and digalacturonic (exo -PMG) 

acids, pH 3.9 

2. Pectic acid attacked in preference to pectin Exopolygalac- 
Products - complete hydrolysis of pectic turonase 
acid to D- galacturonic acid pH 3. 0 -4. 0 (exo -PG) 

II. Deuel and Stutz classification 

A. The liquefying PGs (Type I PGs) 

Preferentially attack pectins of a low degree of esterification. splitting glycosidic linkages 
more or less at random. Rapid loss of viscosity. Slow increase in reducing groups. 
Products - intermediate polyuronides. 

B. The liquefying polymethylgalacturonase (and pectin glycosidase) (Type II PGs) 

Preferentially attack pectins of a high degree of esterification. May be identical with 
"protope ctinase . " 

Products - intermediate polyuronides. 

C. Saccharifying PGs (Type III PGs) 

Hydrolyze pectins only from one end of the chain molecule. probably from the nonreducing 
end. 
Products - D- galacturonic acid and digalacturonic acid. 
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Much of the difficulty in characterization of protopectinases 

centers around the poor understanding of the protopectin substrate. 

Protopectinase activity is determined by the rate of maceration of 

plant tissues because purified substrates cannot be isolated from 

plants. 

Recently Albersheim and Killias (1) described a new pectic 

enzyme, pectintranseliminase (PTE). This enzyme cleaves the pec- 

tin molecule at the a1, 4 linkages by a transelimination mechanism. 

The products resulting from this degradation contain a double bond 

between the No. 4 and 5 carbons of the terminal galacturonic acid 

unit. Nagel and Vaughn (32) found a PTE that hydrolyzed trigalactu= 

ronic acid to a monogalacturonic acid and a dimer which was later 

characterized as an a- p- unsaturated digalacturonic acid (33). These 

workers suggest that probably all bacterial pectic enzymes are trans - 

eliminases. Starr and Moran (51) described a transeliminase in cul- 

ture filtrates of Erwinia carotovora. This enzyme required Ca ++ 

for optimum activity and was more active on a pectic acid substrate 

than on pectin. 

Characterization of pectic enzymes is complicated by the pro- 

duction of several enzyme types by a single organism (2, 44). For 

example, Aspergillus foetidus produces in culture three PG's (2): 

(A) an enzyme that hydrolyzes pectin as well as pectic acid in a 
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random manner without producing monogalacturonic acid, (B) an 

enzyme that hydrolyzes pectic acid preferentially releasing mono - 

galacturonic acid, and (C) an enzyme that hydrolyzes all polyuro- 

nides to monogalacturonic acid. 

Pectinmethylesterase production by F. oxysporum f. lyco- 

persici. -- Culture filtrates of F. oxysporum f. lycopersici will ini- 

tiate in treated tomato cuttings many of the disease symptoms of 

naturally infected plants (41). Extracellular pectic enzymes (PME 

and various PG's) have been associated with the disease inducing 

properties of these culture filtrates (13, 14, 41). 

PME is produced by F. oxysporum f. lycopersici in culture 

on a glucose substrate but greater quantities of the enzyme are pro- 

duced on pectin as the sole carbon source (56). According to Wag- 

goner and Dimond (52), PME production reaches a maximum on the 

third day in shake culture. Paquin and Coulombe (38) found a corre- 

lation between the active period of growth and PME production by 

this fungus. Under their conditions, growth and PME production 

were maximal in 6 -9- day -old cultures, and PME content of the cul- 

ture filtrates began declining on the 16th day after inoculation of the 

cultures. 

Wood (56) suggests that the best way to demonstrate the im- 

portance of pectic enzymes in plant disease syndromes is to show that 
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diseased tissues contain significant quantities of the enzymes with 

properties different from the corresponding enzymes in healthy tis- 

sues. Waggoner and Dimond (52) showed that sap exuding from the 

cut stems of tomato plants infected with F. oxysporum f. lycopersici 

contains more PME than sap from healthy plants. Deese and Stah- 

mann (6) found a 50 percent increase in PME in stem juice expressed 

from Bonny Best tomato plants infected with F. oxysporum f. lyco- 

persici. Waggoner and Dimond (52) showed that the increased level 

of PME in diseased plants is due to enzyme produced by the pathogen 

and not increased production of PME by the host in response to the 

pathogen. Tomato PME is highly active at pH 7. 0, and considerably 

less active at pH 5. 0. Fusarium PME is equally active at pH 5. 0 

and 7. 0. In diseased plants there was an increase in PME activity 

measured at pH 5. 0 that was proportionate to the increase measured 

at pH 7. 0. 

PME produced by F. oxysporum f. lycopersici has unique 

properties that can be used to separate it from PME produced by 

higher plants and other microorganisms. For example, PME from 

a dialyzed culture filtrate of F. oxysporum f. lycopersici is readily 

adsorbed on diatomaceous earth (Celite) (52) and PME from Pectinol 

100 -D (a commercial pectic enzyme preparation of fungal origin) is 

not adsorbed (29). Purification schemes for higher plant PME have 
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involved ammonium sulfate precipitation (42) and adsorption on 

Celite (27) or combinations of these methods (31). Culture filtrates 

of F. oxysporum f. lycopersici containing PME and relatively free 

of PG can be obtained by allowing cultures to incubate for extended 

periods. There is considerable PME in 10- day -old culture filtrates 

and no PG (52). 

Negal and Vaughn (32) found that the PME produced by Bac- 

terium polymixa in culture was not adsorbed on DEAE -cellulose ad- 

justed to pH 9. 4, whereas the PG produced by this bacterium was 

adsorbed. 

All of these methods hold promise for the separation and puri- 

fication of PME produced by F. oxysporum f. lycopersici. 

Polygalacturonase production by F. oxysporum f. lycoper- 

sici. -- PG enzymes are produced by F. oxysporum f. lycopersici 

in synthetic culture media (6, 13, 14, 38, 52). Waggoner and Di- 

mond (52) found that this fungus does not produce PG on glucose as 

the sole carbon source, and Page (35) demonstrated the adaptive na- 

ture of PG produced by F. oxysporum f. cubense. Enzyme synthesis 

depends on specific substrates such as D- galacturonic, mucic, and 

polygalacturonic acids and pectin (35). PG production by F. oxy- 

sporum f. lycopersici is directly correlated with growth (38). 

V' 
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PG enzymes of microbial origin have been found in higher 

plant tissue (16), but Waggoner and Dimond (52) could not detect PG 

in the sap of tomato plants infected with F. oxysporum f. lycopersici. 

Deese and Stahmann (6), however, have presented suggestive evi- 

dence for PG enzymes in wilt- diseased tomato plants. 

Attempts to demonstrate PG in tomato plants with Fusarium 

wilt have been made either with sap exuded from the base of cut to- 

mato stems (52), or by expressing juice from the stems (6). Husain 

and Kelman (16) applied suction to cut tomato stems to isolated PG 

from plants infected with Pseudomonas solanacearum. Patel and 

Phaff (39) demonstrated PG in tomato fruit by using a ten percent 

sodium chloride extracting mixture to elute the enzyme from the to- 

mato pulp. It is possible that fungal PME and PG are as strongly 

adsorbed to the insoluble cellular components as the plant pectic en- 

zymes. Thus, extractions of diseased plants with sodium chloride 

might elute more fungal enzymes than the methods used to date. 

Difficulties in the characterization of pectic enzymes may 

arise from the fact that a variety of substrates, especially those 

present in native pectic substances, may lead to the production of 

different types of PG's (56). With this in mind, it is not altogether 

surprising that some workers (13, 45, 54) have reported that F. 

oxysporum f. lycopersici produces a depolymerase type PG enzyme 
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that hydrolyzes pectic substances to relatively large pectic frag- 

ments, while other have found enzymes that produce exclusively 

monogalacturonic acid from pectic substances (35). Waggoner and 

Dimond (52) demonstrated monogalacturonic acid, by a positive lead 

acetate test, after 48 hours' incubation of a partially purified enzyme 

preparation on a pectic acid substrate. With F. oxysporum f. cu- 

bense, Page (35) found seven short -chain galacturonic acid polymers 

after one hour of incubation and after 16 hours only monogalacturonic 

acid was present. Page concluded that the PG produced by F. 

oxysporum f. cubense is an endo -PG according to Demain and Phaff 

(7) or a type I by the classification of Deuel and Stutz (9). Page's 

results with F. oxysporum f. cubense agree with the experimental 

results of Waggoner and Dimond (52) and Paquin and Coulombe (38) 

with F. oxysporum f. lycopersici. 

The pH optimum for PG produced by F. oxysporum f. lyco- 

persici was 4. 5 -4. 8 according to Waggoner and Dimond (52); and the 

pH optimum for depolymerase was 4. 5 (6). Demain and Phaff (7) 

report that endo -PGs usually have an optimum pH range of 3. 5 -4. 6. 

Thus, the optimum pH values reported by Waggoner and Dimond (52) 

and Deese and Stahmann (6) for the tomato wilt Fusarium are well 

within the range suggested for endo -PGs. 

PG produced by F. oxysporum f. lycopersici hydrolyzes 
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pectic acid more readily than pectin (52), and when PME was intro- 

duced into the pectin reaction mixture, a 40 percent increase in hy- 

drolysis was observed. These authors concluded the presence of two 

PG enzymes: an enzyme which hydrolyzed pectic acid at pH 5. 3, 

and a PG which required PME before pectin could be hydrolyzed. 

Page (35) has shown that F. oxysporum f. cubense PG is capable of 

hydrolyzing pectin and the lower uronides (i. e. , di- through hepta- 

galacturonic acid) ultimately to the monogalacturonic acid; this sug- 

gests that at least two PG enzymes are operating in this fungus. 

Studies on the pectic enzymes produced by F. oxysporum f. 

lycopersici have been carried out with relatively impure enzyme pre- 

parations that were poorly characterized. The characterization and 

classification of pectic enzymes produced by other microbes (e. q., 

Saccharomyces fragilis and Aspergillus niger) are relatively com- 

plete compared to the characterization of the pectic enzymes pro- 

duced by the Fusarium wilt pathogens. For example, Luh and Phaff 

(24, 25) have made extensive studies on the pectic enzymes produced 

by Saccharomyces fragilis. An endo -PG is produced that apparently 

is constitutive because it is produced on glucose as well as on pectic 

substrates. The course of reaction begins with a rapid initial phase 

extending to 25 percent hydrolysis and finally tapering off at 70 per- 

cent hydrolysis (7). Preparations of pure di -, tri -, and 
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tetragalacturonic acids enabled these workers to determine enzyme 

activity on highly defined substrates. The pH optimum for pectic 

acid hydrolysis was 4. 4 at 50 °C however, at 30 °C there was a 

broad optimum range extending from pH 4. 0 to 4. 8. The optimum 

pH for tetragalacturonic acid hydrolysis was 3. 3 -3. 5, about one pH 

unit below that for pectic acid decomposition. Detailed studies re- 

vealed that digalacturonic acid was not hydrolyzed by the yeast PG 

and the trimer was slowly hydrolyzed at pH 3. 5. 

A variety of separation and purification schemes have been 

used in the characterization of PG enzymes. Early attempts to sep- 

arate fungal PG from PME were based on the fact that PG's are 

generally more stable in acid solutions than PME (18, 27, 29). 

McColloch and Kertesz (28) used exchange resin for the separation 

of PG from PME. Other schemes used with limited success have 

been: (A) differential growth conditions (2, 4, 52) (B) adsorption 

on Celite (27, 52) (C) paper chromatography (35, 43) (D) alcohol 

precipitation (31, 45, 48), and (E) electrophoresis (23). More re- 

cently Patel and Phaff (39) have explored the use of pectic acid, 

calcium phosphate, and calcium pectate gels in column chromato- 

graphy of PG from tomato fruit. Adsorption of the enzyme on cal- 

cium phosphate gel and elution with acetate buffer gave a water - 

soluble preparation of the tomato PG. 

Column chromatography using diethylaminoethane 
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(DEAE) -cellulose (49) has given outstanding separations of closely 

related proteins and enzymes. Nagel and Vaughn (32) have identified 

two active pectic enzyme fractions from culture filtrates of 

Bacterium polymixa chromatographed on DEAE -cellulose columns. 

Albersheim and Killias (1) have purified a transeliminase enzyme 

from Pectinol R -10 by combining gel filtration on Sephadex with 

DEAE -Sephadex column chromatography. These recently developed 

methods for separating and characterizing pectic enzymes should be 

applied to the enzyme complex produced by F. oxysporum f. 

lycopersici. 
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GENERAL METHODS AND MATERIALS 

Fungal culture and pectic enzyme production. -- Two races of 

F. oxysporum f. lycopersici were used throughout this study. Race 

R5 -6 was highly pathogenic on Bonny Best variety of tomato (Lyco- 

persicon esculentum Mill. ), and practically non -pathogenic on 

Jefferson variety; Race R -2, originally isolated by Dr. L. J. 

Alexander, was highly pathogenic on Bonny Best variety and was 

moderately pathogenic on the monogenic resistant Jefferson variety. 

Before this study was begun a culture of each Fusarium race 

was tested for contamination by a dilution -plate technique. An ali- 

quot of a bud -cell suspension from a shake culture of each race was 

pipetted aseptically into 15 ml of potato- dextrose -agar (PDA) cooled 

at 45o C. The medium was poured into Petri dishes and the cultures 

were incubated to determine the presence of contaminating organisms. 

Mycelial tip transfers were made of the Fusarium races to nutrient 

medium slants which then served as inoculum for subsequent investi- 

gations. The stock cultures were maintained aseptically in a constant 

temperature incubator at 25o C and transferred regularly to maintain 

an actively growing mycelium. 

For enzyme production, the Fusarium races were grown in a 

modified Richard's medium containing the following salts: 5. 0 g 

NH4NO3, 2. 5 g KH2PO4, 0. 5 g MgSO4, 0. 01 g ZnSO4, 0. 06 g FeC13 
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per liter. The carbon source was one percent pectin N. F. Ten 

grams of pectin were mixed in a Waring Blender with 500 ml of the 

mineral solution containing all but the KH2PO4. One hundred ml of 

the KH2PO4 was dispensed into 250 -ml flasks and 100 ml of the pec- 

tin salts mixture was placed in 500 -ml DeLong flasks fitted with 

Morton closures. The solutions were then autoclaved for 20 minutes 

at 15 pounds pressure, and upon cooling to room temperature suffici- 

ent 1.0 N NaOH was added to the KH2PO4 solution so that when it was 

added aseptically to the pectin -salts mixture, the complete medium 

had a pH of 5. 0. 

The medium was inoculated with bud -cells of the Fusarium 

races and the cultures were agitated on a rotary shaker at about 

28o C. After four to five days growth, the Fusarium cultures were 

combined aseptically. An aliquot of the combined cultures was di- 

luted and plated to check for contamination of the cultures. No bac- 

terial or fungal contaminants were obtained during a ten -day incuba- 

tion. The bud cells and mycelial fragments were removed by centri- 

fugation at 5000 rpm for 20 minutes. The supernatant was filtered 

through Whatman No. 3 paper on a Buchner funnel and finally through 

a pre - sterilized Millipore (HA 0.45 ) filter. Aliquots of the fil- 

trate were plated in PDA to check sterility. 

Toluene (1 ml /1) was added to the culture filtrates to prevent 

contamination, and the filtrates were placed in dialysis tubing and 
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dialyzed against running tap water for 16 hours. A second dialysis 

was made against running distilled water for about six hours. The 

culture filtrate was then reduced to one fourth its original volume 

under reduced pressure in a flash evaporator at 28° C. The concen- 

trated filtrate was passed through a Millipore HA filter and again 

plated to check for contamination. The concentrated culture filtrate 

was stored under toluene at 4o C. 

Protein determination. -- Protein determinations were made 

by measuring the optical density of enzyme preparations at 260 and 

280 mil on a Beckman spectrophotometer model DB. These values 

were converted into milligrams of protein per ml using a nomograph 

prepared by E. Adams for the California Biochemical Corporation. 

The nomograph was based on the extinction coefficients for enolase 

and nucleic acid given by Warburg and Christian (53). 

Polygalacturonase assay by reducing group measurement. - - 

PG activity was measured by determining the rate of liberation of 

reducing groups from pectic substrates or by viscosity reduction of 

a pectate solution. Reducing group assays were made by the method 

of Somogyi (50) and were conducted in the following manner: Enzyme - 

substrate reaction mixtures contained 0. 5 percent sodium polypec- 

tate (w /v), pectic enzyme preparations, and acetate or veronal buf- 

fers (12) at 0. 1 M and 0. 025 M respectively. The sodium polypectate 

was Sunkist Growers product No. 6024 purified by extraction with 70 
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percent ethanol (55). Unless otherwise stated, the pH of the buffers 

was 5. 0. The reaction mixtures were incubated in test tubes at 30° C 

for varying periods of time depending on enzyme activity. A drop of 

toluene was added as a preservative. Following incubation for the 

desired time interval, enzyme activity was stopped by adding a vol- 

urne of 0.3 M Ba(OH)2 equal to the sample volume. This was follow- 

ed immediately by an equal volume of five percent ZnSO4. General- 

ly, a heavy BaSO4 precipitate formed. The tubes were then stopper- 

ed and shaken. The mixture was filtered through Whatman No. 1 

paper on a seven cm Buchner funnel. The filtrate was collected and 

made up to 30 ml. Two ml aliquots were removed and placed in 

Folin -Wu blood sugar tubes graduated at 25 and 50 ml and containing 

two ml of the Somogyi copper reagent (50). The tubes were sealed 

with aluminum foil caps and placed in a boiling water bath for 20 

minutes. The tubes were removed and cooled to room temperature 

and two ml of an arsenomolybdate color reagent (50) were added. A 

blue color develops that is stable over several hours. Optical density 

of the solutions was determined on a Bausch and Lomb Spectronic 20 

spectrophotometer at 525 mµ . In each test a reagent blank was used 

to adjust the instrument to 100 percent transmission. A standard 

curve was prepared by plotting optical density against concentration 

of monogalacturonic acid. A linear relationship was obtained between 

50 and 400 µ g /ml. Enzyme activity was expressed as micromoles of 
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reducing groups /ml of enzyme /minute. 

Polygalacturonase assay by viscosity reduction. -- Woods 

(55) has pointed out certain difficulties in obtaining good agreement 

between replications in viscosity reduction techniques for measuring 

PG activity. His suggestions for overcoming these difficulties were 

incorporated in the following assay. Ostiwald Fenskie size No. 300 

o 
viscosimeters were suspended in a water bath maintained at 30 C + 

0.1° C. The substrate (purified one percent sodium polypectate) 

was made up in pH 5. 0 acetate buffer unless otherwise specified and 

o 
equilibrated to 30 C. The enzyme was brought to 30 C and at zero 

time one ml of enzyme was added to a 18 x 120 mm test tube con- 

taining nine ml of the substrate. This reaction mixture was then 

agitated on a Vortex Jr. mixer for about 20 seconds, then eight ml 

was removed and pipetted into a viscosimeter at 30° C. The first 

viscosity reading was made one minute after combination of enzyme 

and substrate. Subsequent readings were made every five minutes or 

when convenient according to the activity of the enzyme preparation. 

The time necessary to reduce viscosity by 50 percent was designated 

as n -R50 and enzyme activity was expressed as the reciprocal of this 

value. Relative viscosity (n -R) was determined according to Wood 

(55). Good agreement between replicate reaction mixtures was ob- 

tained with this technique. 

Polygalacturonase assay by paper chromatography. -- PG 
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activity can be evaluated by paper chromatography of the hydrolytic 

products of pectic substrates. Page (36) reported a rapid, reliable 

paper chromatographic test for galacturonic acids derived from the 

methods of Palmer (37) and Denison and Phares (8). However, in 

some preliminary experiments it was found that some buffers com- 

monly used in PG assays produce spots that obscure the spots pro- 

duced by galacturonic acids on the chromatographs, and the 

buffer salts may slow the movement of galacturonic acids. 

Enzyme reaction mixtures containing 0.5 percent sodium 

polypectate, PG preparations, and various buffers were applied (50 

µ 1) to Whatman No. 4 paper (15 cm x 50 cm). Chromatographs were 

developed at about 23o C by an ascending solvent -colorization system 

containing 50 mg of brom phenol blue and 60 mg of sodium formate 

dissolved in a mixture of 85 ml of 77 percent ethanol and 15 ml of 

88 percent formic acid (36). The chromatographs were stopped when 

the solvent front was about 30 cm from the origin (about eight hours), 
o 

and they were hung in a fume hood at about 23 C to dry. 

The wet chromatographs are yellow, but after one hour drying 

the background turns bright blue and mono -, di -, tri -, and tetra - 

galacturonic acids can be identified as yellow spots (Figure 1A). 

Heating the chromatographs in an autoclave (36) or blowing dry steam 

over them (37), is unnecessary for the full colorization, and only in- 

creases the possibility of spoiling the chromatographs by water 
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Figure 1. Replica of a ,paper chromatograph of galacturonic acids, 
and buffer acids and salts from polygalacturonase (PG) 
reaction mixtures. A) Monogalacturonic acid, di -, tri -, 
and tetragalacturonic acids with Rf's of 0.62, 0. 41, 0. 31, 
and 0. 21, respectively. The di -, tri -, and tetra - 
galacturonic acids were kindly supplied by Dr. H. J. Phaf£ 
B) Sodium citrate buffer (pH 5. 0) with a citric acid spot at 
Rf 0. 80 and a sodium citrate spot at Rf 0. 69. C) Streaking 
of di- hydrogen phosphate buffer (pH 6. 0) in an assay with 
weak PG activity, and D) in the boiled enzyme control. 
E) Streaking of citrate buffer acid and salt (pH 6. 0) in an 
assay with weak PG activity. Mono -, di -, and trigalactu- 
ronic acids have Rf's of 0.42, 0. 31, and 0. 15, respec- 
tively. F) Streaking of acetate buffer salt (pH 5. 0) in an 
assay with weak PG activity. Mono -, di -, and trigalac- 
turonic acids with Rf's of 0. 45, 0. 33, and 0. 20, respec- 
tively. G) Same as (E) except with mono -, di -, and 
trigalacturonic acids added. H) Same as (F) except with 
mono -, di -, and trigalacturonic acids added. 
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marking. Occasionally, when the humidity was extremely low, the 

blue background of the developing chromatographs developed poorly. 

This can be overcome by placing a beaker of boiling water in the hood 

during drying. 

Citrate (Figure 1B), dihydrogen phosphate, and phthalate 

buffers produced yellow spots due to the buffer acids at Rf's of 0. 80, 

0. 79, and 0.96, respectively. Acetate, borate, monohydrogen 

phosphates, tris, and veronal buffers did not form yellow spots. 

Dark blue spots due to the buffer salts developed slightly above the 

Rf of monogalacturonic acid with all buffers (e. g. , Figure 1B). 

In enzyme reaction mixtures with weak PG activity or boiled 

enzyme the yellow spot due to dihydrogen phosphate streaked over a 

large area and prevented detection of the galacturonic acids 

(Figure 1C and 1D respectively). With citrate and phthalate buffers 

when PG activity was weak or nonexistent, the yellow buffer spots 

streaked moderately, thus lowering the Rf of the dark blue spot of the 

buffer salt which could not move past the buffer acid (Figure 1E). 

Monogalacturonic acid was unable to migrate past the buffer salt and 

thus its Rf was considerably lowered. Under these conditions, mono - 

galacturonic acid could be erroneously identified as di- or trigalac- 

turonic acid. 

The reduced migration of galacturonic acids in assays with 

weak PG activity was not limited to buffer systems with acids that 
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chromatographed as yellow spots. For example, the dark blue spot 

of the acetate buffer salt streaked, thus reducing the Rf of monogalac- 

turonic acid (Figure 1F). Streaking of the buffer acids or salts, 

which slows the migration of the galacturonic acids, was proportion- 

ate to the amount of unhydrolyzed substrate in the PG assay mixture. 

Combining the development solvent and the colorization ma- 

terial (36) made this paper chromatographic technique a rapid method 

of quantitatively measuring monogalacturonic acid. By not heating 

the developed chromatographs, however, this technique may be even 

more simplified. 

Buffer interference with identification of galacturonic acids 

may be overcome by using as a chromatographic standard a sample 

of the enzyme reaction to which galacturonic acids have been added 

immediately before application to the paper. The larger spots for 

the galacturonic acids in the standards indicates the Rf's of the galac- 

turonic acids under the particular chromatographic conditions 

(Figure 1G vs 1E, and Figure 1H vs. 1F). 

This paper chromatographic technique can be used to detect 

di -, tri -, and tetragalacturonic acids, and could be made quantita- 

tive for these acids by the technique Page (36) used for monogalac- 

turonic acid. 

Enzymatic tissue maceration assay. -- Maceration of plant 

tissues by pectic enzymes is an important factor in many plant 
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diseases, and several methods have been devised to measure this 

activity (26). To determine the tissue macerating activity of enzyme 

preparations from F. oxysporum f. lycopersici, discs of potato tuber 

tissue were used. All discs for an experiment were cut from one 

tuber by first boring cylinders through the medulla of the tuber with 

a No. 7 cork borer (about 1 cm in diameter). Uniform discs 400 4 

thick were cut with a sliding microtome, and the discs were placed 

in distilled water. 

Michaelus universal buffer 0. 025 M (12) was used in all assays 

and pH levels were determined at the beginning and at the end of each 

experiment. Ten ml of enzyme preparation was added to ten ml of 

buffer in 50 -ml beakers, and ten tuber discs were added to each 

beaker. The beakers were then placed in a large vacuum disiccator 

which was evacuated for five minutes to allow penetration of the en- 

zyme preparation into the tuber tissues. Toluene was added to the 

assay mixtures to prevent contamination, and the beakers were 

placed in a water bath at 30o C + 10 C. Zero time was recorded 

when the tuber discs were infiltrated with enzyme. 

Maceration readings were made every 15 minutes in most 

experiments. The discs were considered macerated when no resist- 

ance was evident when the discs were pulled apart with tweezers. 

Enzyme activity was expressed as the reciprocal of time in minutes 

for maceration. 
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Pectinmethylesterase assay. -- PME assays were conducted, 

with slight modifications, according to the technique of Kertesz (21): 

45 ml of a solution containing 0. 254 g of purified citrus pectin 

(Sunkist Growers Product No. 3442) were placed in a 100 ml beaker 

provided with a stirring bar. Electrodes from a Beckman Expanded 

Scale pH meter were inserted, and the mixture was adjusted to pH 

7. 5 with dilute NaOH. Merthiolate (one ml of a 1:1000 solution) and 

1. 5 ml of 1. 0 M CaC12 solution were then added to the mixture. 

When several drops of phenol red indicator were added, the solution 

turned pink. The enzyme sample was then added to the substrate 

preparation, and the reaction mixture was placed in a water bath at 

30o C. Whenever the reaction mixture began to lose its pink color, 

sufficient 0. 005 N NaOH was added to bring the pH back to 7. 5. The 

assays were conducted over a period of 24 hours. When the experi- 

ment was completed, aliquots of the reaction mixture were tested 

for contamination by plating on PDA. Enzyme activity was expressed 

as microequivalents of carboxyl groups released per ml of enzyme 

per minute. 

o 

2 
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RESULTS 

The objective of this study was to separate and characterize 

the extracellular pectic enzymes produced by F. oxysporum f. lyco- 

persici. Initially the main problem was to separate PME from PG. 

This separation was necessary to characterize PG without the influ- 

ence of PME. In preliminary experiments, trace amounts of PME 

were always present in the various PG preparations. Column chro- 

matography with DEAE -cellulose gave evidence suggesting that in 

addition to PME an endo- and an exo -PG were produced. Before at- 

tempting to separate PME from the other pectic enzymes, it was im- 

portant to determine the types of PG produced. Detection of the PG 

types became a major objective of this study. 

Precipitation with ethanol was investigated as a method of ob- 

taining stable enzyme concentrates and for separation of pectic en- 

zymes. Enzyme concentrates were produced by ethanol precipitation 

as follows: Ten liters of modified Richard's medium containing one 

percent pectin N.F. were made in a 12 -liter carboy fitted with a gas 

diffusion tube. The medium was autoclaved at 15 pounds pressure for 

50 minutes. After cooling to room temperature, the medium was 

"inoculated" with a spore suspension of F. oxysporum f. lycopersici 

race R5 -6. Aeration of the culture was provided by a stream of air 

introduced through the gas diffusion tube. The turbidity of the culture 
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increased rapidly after 48 hours incubation at 30° C. Growth was 

allowed to continue for six days; then the culture was filtered through 

cheese cloth and Whatman No. 4 filter paper. The preparation was 

centrifuged at 5000 rpm for 20 minutes and dialyzed overnight against 

tap water and six hours against distilled water. The dialysate was 

concentrated to 1/4 its original volume under reduced pressure in a 

flash evaporator. Four volumes of cold ethanol were added to the 

concentrate with constant stirring and a heavy, grayish precipitate 

formed. The precipitate was allowed to stand for four hours at 4° C 

before it was collected by centrifugation at 3020 xg for 15 minutes. 

The precipitate was then taken up in 600 ml of 0.5 M acetate buffer 

pH 5. 0. Reprecipitation with cold ethanol was repeated three times. 

The final precipitate was collected on Whatman No. 50 paper and 

dried under vacuum over P2O5 in a large desiccator. The yield of 

dry powder was 3.36 gm from 8910 ml of culture medium. PG activ- 

ity measured by viscosity reduction was determined for the various 

preparations during the ethanol precipitation (Table 2). PME activity 

of the final ethanol precipitate was 1.92 x 10 -4 meq. /ml of enzyme 

containing 2. 5 mg of ethanol ppt /minute. 

PG activity of the first and final ethanol precipitates on a 

pectate substrate were 15.4 and 9. 6 times more active, respectively, 

than the original culture filtrate. When these same fractions were 

compared on a pectin substrate, the final ethanol precipitate was 
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Table 2. PG activity of various fractions during ethanol precipitation 
of a culture filtrate of F. oxysporum f. lycopersici races 
R5 -6. 

PG activity x 10 -2 on pectic substrates 1/ 
Sample source Pectin Pectate 

Culture filtrate 2. 6 2. 6 

Culture filtrate 
5x concentrate 5. 0 7. 7 

First ethanol ppt. 28. 5 40. 0 

Final ethanol ppt. 3. 1 25. 0 

1/ Enzyme activity expressed as 1 

n-R50 

reduced to about the activity of the first ethanol precipitate and only 1.15 
10 

times as active as the original culture filtrate. This suggests that 

PME is being inactivated or removed during the ethanol precipitation, 

and thus, this method can be used to remove contaminating protein 

and PME from PG preparations. However, in subsequent trials, 

column chromatography on DEAE- cellulose was superior to ethanol 

precipitation for separation of pectic enzymes, and for preparation 

of enzyme concentrates ethanol precipitation was unnecessary. 

- 
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SEPARATION OF PECTIC ENZYMES 

Enzyme preparations were chromatographed on DEAF- cellu- 

lose by the techniques described by Solber, et al. (49). In prelimi- 

nary experiments at acid pH's, PG was not adsorved to the DEAE- 

cellulose. However, essentially all PG could be adsorbed by first 

equilibrating the column with O. 01 M glycine -NaOH (pH 9. 5) as des- 

cribed by Nagel and Vaughn (32). Unless the enzyme was eluted from 

the column quickly and the pH rapidly lowered, the high alkaline pH 

inactivated the PG. Thus, short columns 15 mm high and 30 mm in 

diameter or 1 50 mm x 6 mm were used in preliminary experiments. 

Two or three grams of DEAE -cellulose were equilibrated at 

pH 9. 5 according to the method suggested by Nagel and Vaughn (32). 

Acetate concentrations were used as elution solvents. PG 943) and 

PME (28) activity in the effluent was determined by a cup -plate tech- 

nique. 

None of the elution solvents effected a complete separation of 

PG and PME, but a partial separation of PG fractions was effected. 

The acetate buffer eluted PME slowly, but all PG came off the col- 

umn in one fraction. This buffer was not used again. 

A gradient elution schedule was used with the tris -HC1 buffer. 

The gradient was established by placing 200 ml of 0. 01 M tris -HC1 
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buffer in a mixing chamber and 100 ml of 0.1 M tris -HC1 in a reser- 

voir. The apparatus was similar to the one described by Palmer 

(37). Near the end of the elution, 100 ml of 0.1 M tris -HC1 contain- 

ing 0.1 M sodium chloride was placed in the reservoir to elute all 

protein from the column. Five -ml fractions were collected with an 

automatic fraction collector equipped with a 5 -ml siphon. As quickly 

as the fractions were collected, the pH of the solution was lowered 

to 5. 5-6. 0 by addition of O. 2 N HC1. 

Two fractions with high PG activity were obtained (fractions 

22 -25 and 47 -50) but in each case slight PME activity was evident 

(Table 3). Most of the PME activity was present in fractions from 

41 -43, which had only a trace of PG activity. 

Elution with phosphate buffer generally gave a better separa- 

tion of PG fractions low in PME than did elution with acetate or tris- 

HC1 buffer. For elution with phosphate buffer the enzyme from 100 

ml of a crude preparation was adsorbed on DEAE -cellulose prepared 

according to Nagel and Vaughn (32). A step -wise elution was used 

by pipetting varying concentrations of phosphate buffer gently onto 

the DEAE -cellulose column. The .effluents were 50 ml samples of 

KH2PO4 at pH 6. 5 added to the column at the following molar concen- 

trations: 0. 01, 0. 01 5, and O. 04. Two 25 ml fractions were collect- 

ed from each phosphate elution and they were assayed for PME by 
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Table 3. PME and PG activity of enzyme fractions eluted from a 
DEAE -cellulose column by a gradient of tris -HC1 buffer 
at pH 7. 5. 

Fraction No. Enzyme activity- 
PME PG 

1 -21 None None 

22 -25 Slight Heavy 

26 -36 None None 

37 -38 Trace Slight 

39 -40 Trace Trace 

41 -42 Very heavy Trace 

43 Very heavy Trace 

44 None None 

45 -46 Trace Slight 

47 -50 Slight Very heavy 

51 -55 Slight Trace 

56 -80 None None 

1/ 
PG (43 and PME (28) activity was detected by cup -plate techni- 
ques. A subjective rating was given each treatment on the basis 
of the size and sharpness of the clear areas in the agar. Activity 
was rated as: trace, slight, moderate, heavy, or very heavy. 
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titration and for PG activity by the reducing group method and by the 

viscosity reduction technique. This experiment was repeated several 

times and each time essentially the same results were obtained. Re- 

sults of a typical experiment are illustrated in Table 4. 

Table 4. PME and PG activity of fractions eluted from a DEAE- 
cellulose column with phosphate buffer at pH 6. 5. 

PG activity 

1/ Viscosity? Reducing3/ 
4 Fraction and elutant PME- reduction groups Protein i 

Original concentrate 3. 83 

1 Enzyme filtrate 2. 66 

2 0. 01 M phosphate 1.94 

3 0. 01 M phosphate 0. 1 8 

4 0. 01 5 M phosphate 0.14 

5 0. 01 5 M phosphate 0. 04 

6 0. 04 M phosphate 0. 07 

7 0. 04 M phosphate 0. 03 

0. 286 

0. 009 

0.111 

0. 026 

0. 01 8 

0. 005 

0. 031 

0. 01 7 

42.8 0. 24 

0. 0 0. 01 

1 2. 1 

9. 7 

22. 6 

1 9. 5 

1 4. 2 

27. 5 

0. 1 4 

0. 05 

0. 04 

0. 03 

0. 07 

0. 03 

4/ 

PME activity expressed as µeq /ml of enzyme /min. 
PG activity expressed as viscosity reduction by 1 

n -R 
PG activity expressed as µ moles of reducing 
groups /ml enzyme /min. 
Mg of protein /ml of enzyme fraction. 

. 

L/ 
2/ 
3 
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Analysis of PG activity by reducing groups versus viscosity 

reduction suggests that at least two types of PG are produced by F. 

oxysporum f. lycopersici. For example, fraction No. 2 has about 

O. 6 the activity of fraction No. 5 in releasing reducing groups, but 

fraction No. 2 is 22 times more effective than fraction No. 5 in re- 

ducing viscosity. PME activity of these fractions is not an impor- 

tant consideration in evaluating PG activity because the PG assays 

were carried out on pectate which is a demethylated pectic substance. 

PME activity was present in all fractions but was very low in frac- 

tion No. 7. It is tempting to suggest that fraction No. 2 may be pri- 

marily an endo -PG and fraction No. 5 is an exo -PG. 

On the DEAE -cellulose column eluted with phosphate buffer 

the PG enzymes were separated from considerable extraneous pro- 

tein. For example, on a protein basis fraction No. 7 was about 4. 4 

times more active than the original culture filtrate as judged by re- 

ducing group measurement. 

The success in detecting two distinct PG fractions prompted 

further investigations along these lines, but first one final attempt 

was made to obtain a PG free of PME. A considerable amount of 

extraneous protein could be removed from an enzyme preparation by 

passing it through DEAE -cellulose adjusted to pH 5. 5. The result- 

ing filtrate had almost the same pectic enzyme activity as the crude 
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filtrate, but slightly more PME was adsorbed than PG (Table 5). 

Table 5. Separation of PME and PG from a culture filtrate of F. 
oxysporum f. lycopersici races R5 -6 by column chromato- 
graphy on DEAE -cellulose. 

Source of enzyme PME activity x 10 -4 11 -4 1 / PG activity -2 

Original concentrate 

Enzyme filtrate from 
DEAE pH 5. 5 

0. 04 M PO + 0. 5 M NaC1 
Elution from DEAE pH 5. 5 

Enzyme filtrate 
DEAE pH 9. 5 

0. 04 M PO + 0. 5 M NaC1 
Elution from DEAE 

pH 9. 5 

464. 6 

321.6 

55. 5 

140.8 

88. 8 

50.2 

40. 0 

6. 2 

0. 0 

9. 6 

Enzyme filtrate 18. 5 0. 0 

DEAE pH 9. 5 

0. 04 M PO + O. 5 M NaC1 11.6 2. 5 

Elution from DEAE 9. 5 

1/ - µeq ester groups hydrolyzed /ml of enzyme /min. 

2/ 1 

n-R50 

This scheme could possibly effect a separation of PME and 

PG if carried through additional cycles. After two adsorptions and 

elutions from DEAE -cellulose the total amount of PME in the enzyme 

filtrate was reduced 1 while the PG was reduced 1 . 

40 20 
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Although this procedure had possibilities for separating PME from 

PG, it was time consuming, and attempts to completely separate 

PME from PG were abandoned and separation of PG fractions was 

pursued. 

Separation of PG enzymes. -- A chromatographic column with 

a ratio of 10:1 (length to diameter) should give a sharper resolution 

of PG fractions without the apparent overlapping obtained on the 

shorter columns. However, when the longer columns were used, 

the flow rate was too slow and PG activity was lost by alkaline inacti- 

vation. To overcome the alkaline inactivation a column was prepared 

in which the DEAE -cellulose was equilibrated to pH 5. 0 as described 

by Albersheim and Killias (1). Twelve grams of DEAE -cellulose 

were placed in a 250 -ml beaker, and washed with 100 ml of 1. 0 N 

NaOH and finally with several volumes of distilled water. The DEAE- 

cellulose was then adjusted to pH 5. 0 with 0. 1 M acetic acid and 

equilibrated with one liter of 0. 01 M acetate buffer at pH 5. 0. Next 

the DEAE -cellulose was filtered and resuspended in distilled water, 

allowed to stand for 15 minutes, before the cloudy supernatant was 

decanted and discarded. This final step was repeated three times. 

DEAE -cellulose was made into a slurry with distilled water and was 

poured into a chromatographic tube and allowed to settle by gravity. 

The DEAE - cellulose was compacted by 10 psi air. The final height 
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of the column was 170 mm, this gave a column ratio of 1:8. 5. A 

small volume of distilled water was maintained over the DEAE -cel- 

lulose bed at all times to prevent drying of the DEAE -cellulose which 

would allow it to pull away from the column walls. A filter paper 

cap was placed on top of the DEAE -cellulose to prevent disruption of 

the surface during elution. 

In a typical experiment 100 ml of enzyme preparation con- 

taining about O. 25 mg protein /ml (2. 1 g protein /gram DEAE- cellu- 

lose) was placed in a separatory funnel mounted to drip onto the col- 

umn. Air pressure at 2 psi was applied to the column; the flow rate 

was 2 ml /min. A step -wise elution schedule with 200 ml lots of NaC1 

at O. 01, 0. 07, 0. 17, and O. 40 M was employed. Before the addition 

of the first NaC1 fraction, 200 ml of distilled water was applied to 

the column. Ten -ml fractions were collected for enzyme assay. 

The reducing group technique was used to evaluate PG acti- 

vity of the fractions from the column. One ml from each 10 -ml frac- 

tion was incubated 24 hours at 30 °C with 0. 5 percent sodium poly - 

pectate buffered at pH 5. 0 with acetate. Toluene (0. 01 ml) was added 

to reduce the hazard of contamination. 

PG activity of the fractions from enzymes produced by races 

R 5 -6 and R -2 of F. oxysporum f. lycopersici are illustrated in 
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Figures 2 and 3, respectively. In each case selected values have 

been plotted, but all values obtained were consistent with the curves 

as drawn. The patterns of PG activity of the enzymes produced by 

the races of Fusarium were similar. Six peaks were obtained in each 

case. From their positions and sizes, peak C (Figure 2) would seem 

to correspond to peak D (Figure 3). However, the peak marked C 

(Figure 3) does not correspond to a peak in Figure 2, and Figure 2 

has an additional peak between fractions 60 and 1 20. 

For further investigations the fractions were grouped accord- 

ing to peaks and valleys (Table 6). Care was taken to include the 

peaks, slopes, and valleys in separate groups. 

The grouped enzyme fractions produced by the two races of 

Fusarium were assayed by viscosity reduction and the reducing group 

method to determine their mode of enzymatic action. The standard 

reducing group method was modified as follows: One ml of enzyme 

preparation was added to a test tube containing 4 ml of a 0. 5 percent 

(w /v) solution of sodium polypectate buffered at pH 5. 0 with acetate. 

Three replicate samples were used for each enzyme fraction. After 

an eight -hour incubation a sample of the reaction mixture was ana- 

lyzed for reducing groups. Average values for the grouped fractions 

from races R5 -6 and R -2 are illustrated in Figures 4 and 5, respec- 

tively. The letters in these figures correspond to the letters used to 
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Figure 2. PG activity of enzyme fractions produced by F. oxysporum f. lycopersici race R5 -6 
and separated by column chromatography on DEAE -cellulose 
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Figure 3. PG activity and enzyme fractions produced by F. oxysporum f. lycopersici race R -2 
and separated by column chromatography on DEAE -cellulose. 
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Table 6. Grouping of fractions from a DEAE -cellulose column used 
to separate the PG enzymes of races R 5 -6 and R -2 of 
F. oxysporum f. lycopersici. 

Group No. 
Fraction numbers 

R 5 -6 R-2 
1 A 3-15 A 3-14 

2 16-31 15-18 

3 B 32-44 19-33 

4 45-58 B 34-37 

5 C 59-70 38-42 

6 D 71-81 C 43-58 

7 75 48 

8 77 D 59-65 

9 82-87 66-77 

1 0 88 E 78-83 

11 E e 89 84-88 

12 L90 89-99 

13 91-98 F 1 00-1 02 

14 99-102 103-104 

15 F 103-110 105-120 

16 111 -114 

17 115-120 
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Figure 4. PG activity of enzyme fractions produced by F. oxysporum f. lycopersici race R5 -6 and 
separated by column chromatography on DEAE -cellulose. 
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identify peaks in Figures 2 and 3. 

The patterns of enzyme activity for races R5 -6 and R -2 are 

not directly comparable because the fractions were grouped differ- 

ently for the two races. However, fraction C, (Figure 4), and frac- 

tion D, (Figure 5), correspond in that they came off the DEAF- cellu- 

lose columns in identical positions (Figure 2 and 3). These fractions 

were produced by races R5 -6 and R -2 respectively. Fractions C and 

D had about equal ability to release reducing groups from a pectate 

substrate but fraction C produced by R5 -6 had about six times the 

activity of fraction D in reducing viscosity. 

A ratio of viscosity reduction to liberation of reducing groups 

was calculated for the grouped enzyme fractions produced by R5 -6 

and R -2 (Table 7). The fractions formed a series from high viscosity 

reducing power relative to liberation of reducing groups to fractions 

low in viscosity reducing power but relatively high in ability to re- 

lease reducing groups. These results suggest that the fractions 

from R5 -6 and R -2 contain varying proportions of at least two PG 

enzymes: one an endo type PG that cleaves the pectic chains at ran- 

dom, and another an exo -type that primarily hydrolyzes terminal 

galacturonic acid groups. If only one PG enzyme were present the 

ratios for the fractions would be similar. 
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Table 7. Ratio of viscosity reduction to liberation of reducing groups 
by grouped PG fractions produced by races R5 -6 and R -2 
of F. oxysporum f. lycopersici. 

Group number 
Ratio of viscosity reduction!" 

to liberation of reducing groups?/ 
R-2 
45.9 

4. 24 
4. 55 
1. 71 

3.5 
1.253/ 
-- - 
0.54 
0. 74 
0.98 
1.37 
5.0 
2. 35 
3. 0 

--- 3/ 

1 

2 

3 

4 

A 

B 

R5-6 
A 

B 

85 
3. 56 
5. 33 
--- 3/ 

5 C 3.41 
6 D 0.92 C 
7 1.24 
8 1.06 D 
9 0. 71 

10 0.53 E 
11 0.35 
12 0.52 
1 3 0. 70 F 
1 4 0. 40 
15 F 0. 56 
1 6 0. 75 

1/ 

3/ 

Enzyme activity expressed as the reciprocal of the n -R50. 
Enzyme activity expressed as µ moles of reducing groups /ml 
enzyme /minute. 
No activity with respect to liberation of reducing groups. 

An endo -type PG should reduce viscosity of the substrate 

rapidly and at the same time release a limited number of reducing 

groups. However, at 90 percent reduction of viscosity of a 1. 0 per- 

cent sodium polypectate solution the reducing groups released were 

undetectable. 

An exo -type PG would eventually reduce viscosity of the 

2/ 
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substrate by systematic chain shortening but would be primarly de- 

tectable by reducing group analysis. These assay techniques are in- 

terrelated and cannot be by themselves used to separate endo from 

exo -type activity. 

The A fractions produced by races R5 -6 and R -2 were 

selected for further study as preparations relatively high in an endo- 

type PG. Fractions E and D, produced by races R5 -6 and R -2 

respectively were similarly selected as relatively high in exo -type PG 

enzymes. 

Mechanism of enzymatic action of selected PG fractions.- - 

Analysis of the hydrolytic products of pectic enzyme action should 

give additional information on the classification of enzyme fractions 

as predominantly endo- or exo- types. The selected enzyme frac- 

tions from R5 -6 and R -2 were incubated at 30 °C with 0. 5 percent 

sodium polypectate in 0. 1 M acetate buffer at pH 5. 0. The reaction 

mixtures were sampled periodically for reducing groups determina- 

tions and for chromatographic analysis to determine the products of 

enzymatic hydrolysis. 

The time patterns were similar for reducing group libera- 

tion by the A fractions produced by both Fusarium races and by the 

D fraction produced by R -2 (Figure 6). The E fraction of R5 -6 

gave a slightly different pattern. After 144 hours' incubation, the 

- 
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Figure 6. Hydrolysis of sodium polypectate by enzyme fractions pro- 
duced by races of F. oxysporum f. lycopersici. 
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degree of hydrolysis ranged from about 16 percent of the total pos- 

sible bonds by fraction E of R5 -6 to about 27 percent for fraction 

A of R -2. The percentage hydrolysis was calculated from a deter- 

mination of the total monogalacturonic acid content of the sodium 

polypectate substrate by the method of Cole (5). 

By paper chromatographic analysis, mono -, di -, and triga- 

lacturonic acids were detected as well as some larger polymers of 

galacturonic acid that appeared on the chromatographs as streaks 

from the origin. The size of the galacturonic acid spots is propor- 

tional to the concentration of the particular acid (36). The spots ob- 

tained were rated by the scale, indicated in footnote 1, Table 8. 

The products detected by chromatographic analysis of the 

grouped fractions of R5 -6 (Table 8) are consistent with the classifi- 

cation of the various' fractions as predominantly endo- or exo -type 

enzymes based on viscosity reduction and release of reducing groups 

(Figure 4). For' example, fraction A with high endo- and exo -acti- 

vity rapidly produced monogalacturonic acid, but in the early deter- 

minations some polygalacturonic acids were detected. In these early 

readings, endo -type enzyme probably produced polygalacturonic acid 

units faster than the exo -type enzyme could hydrolyze them to mono - 

galacturonic acid. 

The pattern of hydrolysis products released by fraction B 
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Table 8. Chromatographic analysis of hydrolysis products of sodium 

polypectate incubated with pectic enzymes produced by 
F. oxysporum f. lycopersici R5 -6 obtained from column 
chromatography on DEAE -cellulose. 

Source of enzyme and 
products of hydrolysis 

Products of enzymatic hydrolysis produced 
after varying periods of incubation(hrs.)1/ 

2 5 8 24 48 72 96 120 
A. Monogalacturonic acid 3 3 4 4 4 4 4 4 

Digalacturonic acid 2 2 2 2 1 0 0 0 

Trigalacturonic acid 1 0 0 0 0 0 0 0 

Pectic fragments 1 0 0 0 0 0 0 0 

B. Monogalacturonic acid 0 0 0 0 1 3 3 3 

Digalacturonic acid 0 0 0 1 1 1 2 2 

Trigalacturonic acid 0 0 0 1 2 3 3 3 

Pectic fragments 0 0 0 2 3 2 2 1 

C. Monogalacturonic acid 2 3 2 3 4 4 4 4 
Digalacturonic acid 1 2 2 2 0 0 0 0 

Trigalacturonic acid 2 1 1 1 0 0 0 0 

Pectic fragments 2 1 0 0 0 0 0 0 

D. Monogalacturonic acid O 1 2 3 3 4 4 4 
Digalacturonic acid 0 1 1 1 0 0 0 0 

Trigalacturonic acid 0 1 1 0 0 0 0 0 

Pectic fragments 1 0 0 0 0 0 0 0 

E. Monogalacturonic acid 0 0 1 0 3 4 4 4 
Digalacturonic acid 0 0 1 0 0 0 0 0 

Trigalacturonic acid 0 0 1 0 0 0 0 0 

Pectic fragments 0 1 1 1 0 0 0 0 

F. Monogalacturonic acid 0 0 1 1 2 3 3 3 

Digalacturonic acid 0 0 1 1 1 1 1 1 

Trigalacturonic acid 0 0 1 1 1 0 0 0 

Pectic fragments 0 1 1 1 0 0 0 0 

1/ The amount of each hydrolysis product was rated on the paper 
chromatogram according to the following scale: 

0 = none 
1 = trace 
2 = slight amount 
3 = moderate amount 
4 = heavy 
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(Table 8) indicates weak exo -type enzyme action. Although mono - 

galacturonic acid was produced after 48 hours, the polygalacturonic 

acids produced by the endo -type enzyme had not been hydrolyzed to 

monogalacturonic acid by the exo- enzyme even after 120 hours. 

Fraction B has less endo -and exo -type enzymes than frac- 

tion A (Figure 4). Weak endo- action is indicated in the chromato- 

graphic data by the relatively slow appearance of any hydrolysis pro- 

ducts (24 hours vs. 2 hours for fraction A). 

In comparing the chromatographic data with the results of 

tests for release of reducing groups and viscosity reduction, the ac- 

tivity in releasing reducing groups is most closely associated with 

the chromatographic results. This is because exo -type action oc- 

curs much more slowly than the endo -type action. As indicated 

earlier, when the viscosity of one percent sodium polypectate is re- 

duced 90 percent by a strong enzyme preparation, the reducing groups 

released cannot be detected. Thus, over the relatively long period 

the chromatographic assays were made the endo- action of B was 

most important in determining the pattern of hydrolysis products. 

Hydrolytic products produced by fractions C and D are 

similar and reflect a higher level of exo -type enzyme than in fraction 

B. This interpretation is consistent with the action of these frac- 

tions in the reducing group assay (Figure 4). 
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The interrelationship between fractions E and F in the en- 

zyme assays (Figure 4) and by the products of their action (Table 8) is con- 

sistent with the interpretation given the other fractions. Fraction F 

has less endo and exo activity than E and, as would be expected, 

fraction F converts the polygalacturonic acids to monogalacturonic 

acid much more slowly than E. 

The patterns of hydrolysis products released by the enzyme 

fractions of R -2 (Table 9) support classification of these fractions as 

predominantly endo- or exo- enzymes on the basis of their activity in 

other assays (Figure 5). Fractions A, D, and E illustrate high 

exo- type action by which polygalacturonic acids are hydrolyzed to 

monogalacturonic acid rapidly. Fractions B, C, and to a lesser 

extent F show the accumulation of polygalacturonic acids that occur 

when exo- type activity is weak. 

The evidence obtained by chromatographic analysis of hydro- 

lysis products further suggests that races R5 -6 and R -2 of F. oxy- 

sporum f. lycopersici produce exo- and an endo- type PG's. These 

enzymes have been partially separated on DEAE -cellulose. The 

endo- type enzyme hydrolyzes large pectic chains by random hydro- 

lysis to polygalacturonic acids of varying lengths. The exo- type 

enzyme hydrolyzes the larger polygalacturonic acids to monogalac- 

turonic acid. 
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Table 9. Chromatographic analysis 
polypectate incubated with 
oxysporum f. lycopersici R 

of hydrolysis products of sodium 
pectic enzymes produced by F. 
-2 obtained from column chro- 

matography on DEAE -cellulose. 
Source of enzyme and 
products of hydrolysis 

Products of enzymatic hydrolysis produced 
after varying periods of incubation (hrs. )i // 

2 5 8 24 48 72 96 120 
A. Monogalacturonic acid 3 3 4 4 4 4 4 4 

Digalacturonic acid 2 1 2 1 0 0 0 0 

Trigalacturonic acid 0 0 0 0 0 0 0 0 

Pectic fragments 0 0 0 0 0 0 0 0 

B. Monogalacturonic acid 0 1 1 2 3 3 3 3 

Digalacturonic acid 0 1 1 1 1 1 1 2 

Trigalacturonic acid 0 0 1 1 2 3 3 3 

Pectic fragments 0 0 1 2 2 2 2 1 

C. Monogalacturonic acid 0 0 1 2 3 3 3 3 

Digalacturonic acid 0 0 1 2 1 2 2 2 

Trigalacturonic acid 0 0 1 2 3 3 3 3 

Pectic fragments 0 0 1 3 0 0 0 0 

D. Monogalacturonic acid 0 3 4 4 4 4 4 4 
Digalacturonic acid 0 0 0 0 0 0 0 0 

Trigalacturonic acid 0 0 0 0 0 0 0 0 

Pectic fragments 1 0 0 0 0 0 0 0 

E. Monogalacturonic acid 0 2 2 3 3 3 3 3 

Digalacturonic acid 0 1 1 0 0 0 0 0 

Trigalacturonic acid 0 0 0 0 0 0 0 0 

Pectic fragments 0 0 0 0 0 0 0 0 

F. Monogalacturonic acid 0 0 1 2 3 

Digalacturonic acid 0 1 1 2 1 

Trigalacturonic acid 0 1 2 2 0 

Pectic fragments 2 1 0 0 0 

1/ 
The amount of each hydrolysis product was rated on the paper 
chromatogram according to the following scale: 

0 = none 
1 = trace 
2 = slight amount 
3 = moderate amount 
4 = heavy 

- 
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Tissue maceration by selected PG fractions. -- Maceration 

of plant tissues has been used to evaluate pectic enzyme activity (26). 

Therefore, selected fractions of PG produced by R5 -6 and R -2 were 

evaluated in an assay for maceration of potato tuber tissue at vari- 

ous pH's. It would be expected that preparations high in endo -acti- 

vity would macerate plant tissue most readily because of the severe 

action of this enzyme on the pectic substances. Exo -type enzyme 

that hydrolyzes individual galacturonic acid units from larger poly- 

mers would be much less effective in macerating plant tissue. Two 

fractions of R5 -6 (A and F) and R -2 (A and D) were selected on 

the basis of their behavior in previous assays. The A fractions 

have high endo- as well as exo- activity, and the F and D fractions 

contained relatively high exo- activity. 

The A fractions of both races macerated potato tissues ra- 

pidly, but they behaved differently with respect to pH (Figure 7 and 

8). The fraction produced by R5 -6 had a higher pH optimum than the 

R -2 fraction (3. 5 vs. 3. 0) and was considerably more effective in the 

range from pH 4. 0 -7. 0. The difference in pH optima and shapes of 

the curves for the A fractions suggests that the endo type enzymes 

produced by the two Fusarium strains may be slightly different. 

Fractions F and D produced by R5 -6 and R -2, respectively, 

are very weak in potato tissue macerating activity, and in fact the 
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slight activity they show is probably in part due to acid hydrolysis of 

the pectic substances at the low pH's (26). 

The data on tissue maceration suggests that the A fractions 

contain relatively high endo- activity and that the F and D fractions 

are relatively weak in this respect. This interpretation is consistent 

with the results of other assays. However, PME may influence the 

rate of tissue maceration and thus differences between the PG frac- 

tions could reflect to some extent differences in PME content. 
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2.0 3.0 4.0 5.0 6.0 
pH 

7. 0 8. 0 

Figure 7. Maceration of potato tissue at various pH's by enzyme 
fractions of F. oxysporum f. lycopersici race R5 -6. 
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Figure 8. Maceration of potato tissue at various pH's by enzyme 
fractions of F. oxysporum f. lycopersici race R -2. 
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POLYGALACTURONASE PRODUCED BY F. OXYSPORUM 
f. LYCOPERSICI RACES IN CULTURE AND 

IN TOMATO PLANTS 

The primary objectives of this phase of the study were to 

isolate pectic enzymes from tomato plants infected with races of F. 

oxysporum f. lycopersici and to determine if these enzymes are sim- 

ilar to those produced in artificial culture by the corresponding races 

of Fusarium. Other workers have attempted to demonstrate PG en- 

zymes produced by Fusarium in tomato plants, but these attempts 

have been unsuccessful possibly because of the extraction procedures 

used. PME and PG appear to be closely related enzymes (45). It is 

known that high salt concentrations (e. g. , 10 percent NaC1) are neces- 

sary to elute PME from plant cell walls; possibly this treatment is 

necessary for extraction of PG from plant tissues. Previous attempts 

to obtain Fusarium PG from diseased tomato plants were made with 

plant sap only. 

Bonny Best and Jefferson variety tomato plants were grown 

at 28 °C in the greenhouse in sandy loam soil. Plants 5 -7 weeks old 

were inoculated by dipping the root systems in a bud -cell suspension 

(300, 000 cells /ml) of the pathogen. Bonny Best and Jefferson plants 

were inoculated with races R5 -6 and R -2, respectively. Two weeks 

after inoculation the Bonny Best plants were severely diseased and 
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the Jefferson plants were moderately diseased. In both varieties the 

pathogen was still confined to the xylem tissues and the general nec- 

rotic symptoms typical of the late stages of the disease had not been 

initiated. Samples of stem tissues with vascular discoloration were 

collected for isolations of pectic enzymes. Stems of uninoculated, 

healthy plants were collected as controls. 

The stems were washed in tap water, blotted and the fresh 

weights recorded. The stems were quick- frozen in plastic bags until 

used for enzyme extractions. Frozen stems were cut into 1-inch 

sections, and homogenized in O. 05 M pH 6. 0 phosphate buffer in a 

Waring Blendor. About 2 ml of buffer were used per gram fresh 

weight of tomato stem tissue. The blended tissues were filtered 

through a flour sack and O. 01 M phosphate buffer (pH 7. 6) was added 

to the fiber at the rate of O. 5 ml per gram original fresh weight. 

Sufficient sodium chloride was added to the extraction mixture to 

bring its concentration to ten percent and the fiber was incubated for 

two hours in the salt solution at 4 -5 °C. The mixture was then filtered 

through a flour sack and the filtrate was centrifuged at 5,000 rpm for 

20 minutes. Sufficient ascorbic acid was added to the supernatant to 

make the concentration 0. 01 M. Toluene was added (1.0 m1/1. ) as 

a preservative and the extract was dialyzed against running tap water 

for about 16 hours, and against running distilled water for about six 



63 

hours. A heavy precipitate formed during dialysis and it was re- 

moved by centrifugation. The extract was placed in dialysis tubing 

and the volume reduced to about 1 the original by evaporation in 

front of a large fan. The final concentrate was made up to 200 ml 

and filtered through a pre - sterilized Millipore filter (HA 0. 47 mµ). 

Toluene was added (0. 2 ml) and the preparation was stored at 0 °C. 

The enzyme preparations from diseased and healthy plants 

were tested for ability to release reducing groups and reduce viscosity 

of a sodium polypectate substrate (Table 1 0). The standard assays 

were used with a 1 2 hour incubation period. 

Table 10. Isolation of polygalacturonase from tomato plants infected 
with races of F. oxysporum f. lycopersici. 

Plant source of Fresh wt. of tomato 
enzyme stems in grams 

PG activity 
Reducing 

group 
assay!' 

Viscosity 
reduction 

assay?/ 
Bonny Best 

Inoculated, R5 -6 3666 1 4. 9 2. 46 
Uninoculated control 4159 0 0 

Jefferson 
Inoculated, R -2 4409 14. 8 3. 04 
Uninoculated control 4379 0 0 

1/ 

2/ 

Liberation of reducing groups at pH 5. 0 expressed as µ moles of 
reducing groups /g fresh wt. of tomato stem tissue /min. x 10 

-5 

Viscosity reduction at pH 5. 0 expressed as 1 /g fresh wt. 
tomato stem tissue x 10 -4. nR50 

of 

I 
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PG activity was obtained from diseased plant extracts but no 

activity could be detected in the preparation from healthy plants. The 

extracts from diseased Bonny Best and Jefferson plants were about 

equal in ability to release reducing groups from the pectate substrate, 

but the preparation from Jefferson was more active than the Bonny 

Best preparation in reducing the viscosity of the substrate. Possibly 

R -2 produces more endo -type enzyme in its host than races R5 -6 

does in Bonny Best. 

Experiments were conducted to determine the relationship of 

the pectic enzymes produced in culture and in diseased plants by the 

races of Fusarium. The enzyme preparations were compared at 

various pH's by the viscosity reduction and reducing groups assays. 

A sodium polypectate substrate was prepared in Michaelus Universal 

buffer (12) at various pH's from 4. 0 -9. 0. The buffer maintained the 

desired pH in all cases except at pH 9. 0 where it slipped to 8. 6 -8. 8 

during the assays. 

Release of reducing groups at various pH levels by races 

R5 -6 and R -2 was similar in the culture filtrate (Figure 9) and dis- 

eased plant extracts (Figure 1 0). Culture filtrate preparations had 

optimum activity at pH 4. 5 and diseased plant extracts were most ac- 

tive at pH 5. 0. Although the curves for enzymatic acitivity of the 

preparations from culture filtrates and diseased plants are similar, 
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,,/R-5-6-B. B. 

R-2-Jeff. 

2 0 3 0 4 0 5.0 .. 
pH 

Figure 10. Effect of pH on release of reducing groups by enzyme 
preparations obtained from tomato plants infected with 
races of F. oxysporum f. lycopersici. 
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the latter were more active in the pH range from 5. 0 -7. 0. The con- 

siderably higher activity of the culture filtrate preparations may ac- 

count for this difference. Nevertheless, the similarity of the curves 

is sufficient to suggest that the pectic enzymes produced by R5 -6 and 

R -2 in artificial culture and in tomato plants are similar. 

Reduction of viscosity at various pH levels by races R5 -6 and 

R -2 was similar in the culture filtrate preparations (Figure 11) but 

in the extracts from diseased plants, R -2 enzyme had optimum acti- 

vity at pH 4. 5 and R5 -6 enzyme was most active between 5. 0 and 5. 5 

(Figure 12). In general, the curves for enzymatic activity of the pre- 

parations from culture filtrates and diseased plants were similar, 

but as with results obtained by reducing group analysis, the plant 

preparations were slightly more active in the pH range from 6. 0 to 

7. 0. 

The pH optima and the shape of the curves obtained by visco- 

sity reduction and reducing group assays are consistent with the sug- 

gestion that pectic enzymes produced by R5 -6 and R -2 in artificial 

culture and in tomato plants are similar. However, additional evi- 

dence will be necessary to confirm this hypothesis. 

Mechanism of enzymatic action of PG produced in culture and 

in tomato plants. -- The culture filtrate and diseased plant prepara- 

tions of pectic enzymes produced by Fusarium races R5 -6 and R -2 
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Figure 11. Effect of pH on viscosity reduction by F. oxysporum 
f. lycopersici races. 
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Table 11. Chromatographic analysis of hydrolysis products of sodium polypectate incubated with 
pectic enzymes produced by Fusarium races in culture and tomato plants. 

Source of enzymes and 
products of hydrolysis 

Products of enzymatic hydrolysis produced 
of incubation (hrs.)- 

after varying periods 

2 4 10 18 24 48 58 72 96 120 144 

Enzyme preparation from culture filtrates 

R5 -6 Monogalacturonic acid 1 3 4 4 4 4 4 

Digalacturonic acid 1 1 2 2 1 1 1 

Trigalacturonic acid 1 2 1 0 0 0 0 

Pectic fragments 2 1 1 0 0 0 0 

R -2 Monogalacturonic acid 2 3 3 4 4 4 4 

Digalacturonic acid 1 1 2 2 1 1 1 

Trigalacturonic acid 1 2 0 0 0 0 0 

Pectic fragments 2 1 0 0 0 0 0 

Enzyme isolated from diseased tomato plants 

R5 -6 Monogalacturonic acid 0 0 1 2 3 4 

Digalacturonic acid 0 0 0 1 2 0 

Trigalacturonic acid 0 0 1 1 1 0 

Pectic fragments 0 2 2 0 0 0 

R -2 Monogalacturonic acid 1 1 2 2 3 3 

Digalacturonic acid 1 1 1 1 1 1 

Trigalacturonic acid 1 1 0 0 0 0 

Pectic fragments 0 0 0 0 0 0 

1/ 
The amount of each hydrolysis product was rated on the paper chromatograms according to the 
following scale: 

0 = none 
1 = trace 
2 = slight 
3 = moderate 
4 = heavy 
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were compared by reducing group analysis and by chromatographic 

analysis to determine the products of their action. The enzyme pre- 

parations were incubated at 30 °C with 0.5 percent sodium polypectate 

(wt. /vol. ) in 0.1 M acetate buffer at pH 5. 0. The reaction mixtures 

were sampled periodically for reducing group determinations and for 

chromatographic analysis. 

The enzyme preparations from culture filtrates rapidly re- 

leased reducing groups during the first four hours of hydrolysis 

(Figure 13). Thereafter the rate of hydrolysis decreased and by 120 

hours of incubation the preparation from R -2 had hydrolyzed 28 per- 

cent of the total bonds while the R5 -6 preparation had cleaved only 

24 percent of the bonds. 

The corresponding enzyme preparations from diseased plant 

tissues (Figure 14) were considerably less active than the prepara- 

tions from the culture filtrates. This may account for the differen- 

ces obtained in the reaction rate of the enzymes produced in culture 

and in tomato plants. The extract from Jefferson plants infected with 

R -2 was considerably less active than the preparation from Bonny 

Best inoculated with R5 -6 even though the R -2 preparation had greater 

action in reducing viscosity of a polypectate substrate (Figure 12). 

This suggests that R -2 in Jefferson variety produces less ecto- and 

slightly more endo- type enzyme than R5 -6 in its corresponding host. 
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The hydrolysis products produced by the action of culture fil- 

trate preparations of R5 -6 and R -2 were similar (Table 11) and thus 

these preparations must have contained a similar proportion of endo- 

and ecto- type PG's. Production of polygalacturonic and monogalac- 

turonic acids indicates that both enzymes were present in these pre- 

parations. 

A similar pattern of hydrolysis products was obtained by the 

action of the enzyme preparations extracted from diseased plants 

(Table 11). Thus, the enzymes produced in culture and tomato plants 

are probably similar. The relative persistence of digalacturonic 

acid and the slow production of monogalacturonic acid by the R -2 pre- 

paration indicates less ecto- type enzyme than in the R5 -6 prepara- 

tion. This point verifies similar results obtained by the reducing 

group assays (Figure 14). 

Tissue maceration by PG produced in culture and in tomato 

plants. -- The comparison of PG produced in culture and in tomato 

plants by races of F. oxysporum f. lycopersici was extended to the 

determination of their ability to macerate potato tuber tis- 

sue at various pH's. Enzyme preparations and experimental proce- 

dures were as previously described. 

Tissue maceration by the culture filtrate preparation of R5 -6 

(Figure 15) and the preparation from diseased tomato plants (Figure 
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Figure 13, Hydrolysis of sodium polypectate by enzyme preparations from culture filtrates 
of F. oxysporum f. lycopersici races. 

N., 
° 40 
X 

a 

N 

4+ 30 o 

i 
an 20 
bo 

., 
u 

N 

ó 10 

o 

E 
o 

U 
.r., 



M
ic

ro
m

ol
es

 o
f 

re
du

ci
ng

 g
ro

up
s /

m
l 

en
zy

m
e 

40 

30 

20 

10 

R-5-6, B. B. 
o 

R -2, Jeff. 

it/ 

Uninoculated Controls 
B. B. and Jeff. 

Number of hours of enzyme- substrate incubation 

Figure 14. Hydrolysis of sodium polypectate by enzyme preparations obtained from tomato 
plants infected with races of F. oxysporum f. lycopersici. 

56 

o 
Imo- 

160 1120 

te. 

' 



75 
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Figure 15. Maceration of potato tissue at various pH's by prepara- 
tions from F. oxysporum f. lycopersici race R5 -6. 
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Figure 16. Maceration of potato tissue at various pH's by enzyme 
preparations obtained from Bonny Best tomato plants 
infected with race R5 -6 of F. oxysporum f. lycopersici. 

pH 
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1 6) were identical to the activity of the corresponding R -2 prepara- 

tions. Thus, only the results with R5 -6 are presented. 

The preparation from diseased plants had a slightly higher pH 

optimum than the culture filtrate preparation (3. 5 vs. 3. 0) and was 

slightly less effective at pH 5. 0. Nevertheless, these curves are 

similar enough to suggest that the PG produced in culture and in dis- 

eased plants is similar. 
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PECTINTRANSELIMINASE PRODUCED BY F. OXYSPORUM 
f. LYCOPERSICI RACES 

The recent discovery by Albershei n and Killias (1) of an en- 

zyme that hydrolyzes the 1, 4- linkages of pectin by a transelimination 

mechanism prompted a search for this enzyme in culture filtrates 

and in tomato plants infected with races of F. oxysporum f. lycopersici. 

The method described by Neukom (34) with slight modification was 

used to determine pectintranseliminase (PTE) activity. To two ml 

of the enzyme- substrate reaction mixture, O. 2 ml of 1. 0 N NaOH 

was added, and the mixture was held at about 22oC for 30 minutes. 

Next 2. 5 ml of 1. 0 N HC1 and 10 ml of O. 01 M thiobarbituric acid 

were added and finally sufficient distilled water was added to bring 

the volume to 16 ml. The tubes containing the mixture were then 

placed in a boiling water bath for 30 minutes. The development of a 

deep -red color indicates the presence of unsaturated galacturonic 

acids and, therefore, PTE activity. Optical density measurements 

at 547 mµ can be used as a quantitative index of activity. 

The pectic enzyme preparations obtained from culture filtrates 

of the Fusarium races, and from Bonny Best and Jefferson tomato 

stems infected with R5 -6 and R -2, respectively, were tested for PTE 

activity along with fractions A and E produced by R5 -6 and A and 
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D produced by R -2. One ml of enzyme preparation was incubated 

with 4 ml of 0, 5 percent sodium polypectate at 30 °C. The culture fil- 

trate and diseased plant preparations were tested over a pH range 

from 4. 0 to 9. 0 and the enzyme fractions were tested at pH 5. 0. All 

assays were run for eight hours. 

The enzyme preparations from culture filtrates of R5 -6 and 

R -2 and the selected enzyme fractions produced by these races gave a 

slight positive test for PTE activity at pH 5. 0. The preparations 

from diseased tomato plants gave a similar weak test for PTE at pH 

7. 0. The colored products formed were too weak to be determined by 

spectrophotometric measurement, but they nevertheless were visibly 

pink colored. The corresponding controls with boiled enzyme were 

colorless. 

The PTE produced by Fusarium races has optimum activity at 

pH 5. 0 on a sodium polypectate substrate. The higher pH optimum 

for the preparations from diseased plants (pH 7. 0) could be due to a 

PTE produced by bacterial contaminants growing in the diseased to- 

mato plants. Bacterial PTE's have pH optima above pH 7. 0. 

Additional studies will be required to determine the optimum 

conditions for production and assay of PTE produced by F. oxysporum 

f. lycopersici. The significance of this enzyme in the wilt disease 

syndrome will be difficult to determine without this knowledge. 
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However, the possibility exists that the unsaturated acids produced 

by PTE action have a toxic effect within the host. 
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DISCUSSION 

The role of pectic enzymes produced by F. oxysporum f. 

lycopersici in tomato wilt will be impossible to determine until puri- 

fied enzyme preparations produced by the pathogen are available for 

studies with tomato plants. Major difficulties with most pectic en- 

zyme studies are that the pectic substrates are ill defined, and the assays 

for PG activity are difficult to interpret in terms of enzyme mode of 

action. For example, the relationship between reducing groups re- 

leased and reduction in viscosity of the substrate has been used to 

detect endo- and exo -type PG respectively. Although endo -type 

action is primarily detected by viscosity reduction, the random ac- 

tion of the enzyme, nevertheless, releases some reducing groups. 

Exo -type action eventually reduces viscosity although its action is 

primarily detectable by reducing group tests. The results obtained 

with these assays can be supplemented with chromatographic analysis 

for the hydrolysis products of enzyme action. In the present work, 

reducing group tests and viscosity reduction assays have been used 

along with paper chromatographic analysis of hydrolysis products and 

tests for tissue maceration. The results of these tests provide a 

fairly complete study of the nature of PG action. 

Results of enzyme analyses suggest that the fractions from 

R5 -6 and R -2 separated on DEAE -cellulose contain varying 
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proportions of at least two PG enzymes; one an endo -type PG that 

cleaves pectic chains at random, and another an exo -type that pri- 

marily hydrolyzes terminal galacturonic acid groups. Paquin and 

Coulombe (38) identified monogalacturonic acid in four- day -old 

culture filtrates of F. oxysporum f. lycopersici, and they found that the 

monogalacturonic acid disappeared from these cultures after six 

days. This indicates that F. oxysporum f. lycopersici utilizes pec- 

tic substances as the sole carbon source. Similar results have been 

obtained by others (45, 52). However, Deese and Stahmann (6) re- 

cently suggested that this fungus produces only a depolymerase -type 

enzyme which does not yield monogalacturonic acid on hydrolysis of 

pectic substrates. The results of Deese and Stahmann (6) are in dis- 

agreement with those obtained in this study and in studies by others 

(38, 52). 

Two possible explanations can be advanced to reconcile these 

differences. It is possible that the isolate of F. oxysporum f. 

lycopersici used by Deese and Stahmann (6) is different from isolates 

used in other studies and their fungus actually does not produce an 

exo -type PG that would yield monogalacturonic acid on hydrolysis of 

pectic substances. Another possibility is that in their chromato- 

graphic tests for monogalacturonic acid, Deese and Stahmann failed 

to identify monogalacturonic acid because of the trailing effect ob- 

tained in chromatographs containing partially hydrolyzed pectic 
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substances (Figure 1). The latter explanation is most probable be- 

cause their isolate of Fusarium grows on pectic substances as the 

sole carbon source, and in so doing must certainly hydrolyze these 

substances to monogalacturonic acid that is utilized in the 

carbohydrate metabolism of the fungus. 

In many of the early experiments in this study, attempts were 

made to separate PG and PME produced by F. oxysporum f. 

lycopersici. Although a partial separation was obtained, complete 

separation was never realized. In these tests, a 24 -hour incubation 

was used to determine the presence or absence of PME. Bateman 

(3), for example, has used a shorter incubation period and noted a 

separation of PME from PG. In the test reported here shorter PME 

assay periods would have indicated separation of PME from PG. 

However, due to the relatively long time required for exo -PG action, 

slight PME activity could have a confounding effect on PG action 

particularly on pectin substrates. 

The assays for PG activity all suggest that this fungus pro- 

duces an endo- and an exo -type PG. The mechanism of these en- 

zymes may be visualized as follows. Sodium polypectate is hydro- 

lyzed by a random mechanism (endo -PG) liberating chains of shorter 

length including di- and trigalacturonic acids. These intermediates 

are then degraded to the monomer by a terminal mechanism (exo -PG). 

The properties of pectic enzymes produced by races of F. 
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oxysporum f. lycopersici in culture and in diseased plants were 

similar. Bateman (3) recently noted a difference in the PG enzyme 

produced by Rhizoctonia in culture and in bean plants. However, 

Deese and Stahmann (6) suggest that the PG produced by F. oxy- 

sporum f. lycopersici is the same in culture as in tomato plants. 

These workers used a reducing group assay on expressed tomato 

plant juice to determine PG activity of the pathogen. Under these 

conditions, the uninoculated plants had relatively high activity, due 

to the presence of sugars in the extracts (6). The results obtained 

by these methods are in no way critical enough to prove the presence 

of pectic enzymes in diseased tomato plants. Their results could 

have been due to increased sugar levels in the plant associated with 

the disease; possibly through cellulase activity of the pathogen (17). 

The work presented here is the first conclusive evidence of PG 

activity in diseased tomato plants. 

The discovery that Fusarium produces a pectic enzyme in 

plants that will degrade pectic substances to monogalacturonic acid 

works against the hypothesis that large pectic fragments produced 

by PG activity plug the xylem vessels and eventually causes wilting 

of the foliage (13). It is possible that pectic enzymes merely function 

in obtaining food for the pathogen in the host; these enzymes may in 

no way have a direct role in producing the symptoms of the disease. 
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SUMMARY 

1. Precipitation with ethanol can be used for partial separation of 

polygalacturonase (PG) and pectinmethylesterase (PME) pro- 

duced by F. oxysporum f. lycopersici. Ethanol inactivates 

PME, and thus, ethanol can be used to prepare PG concentrates. 

2. PME could not be completely separated from PG by various 

methods of column chromatography, although partial separa- 

tions were obtained. 

3. Six peaks of PG activity were obtained from culture filtrates of 

races R5 -6 and R -2 of F. oxysporum f. lycopersici by column 

chromatography on DEAE -cellulose. Assays for PG activity of 

the fractions indicated that both races produce at least two PG 

enzymes; one an endo -type PG that cleaves the pectic chains at 

random, and another an exo -type that primarily hydrolyzes ter- 

minal galacturonic acid groups. 

4. The enzyme fractions from the two races of Fusarium hydrolyzed 

16 -27 percent of the bonds of sodium polypectate in 144 hours. 

5. The fractions relatively high in endo -type PG from the two races 

of Fusarium hydrolyzed sodium polypectate to di -, tri -, and 

larger polymers of galacturonic acid. Fractions relatively high 

in exo -type PG produced monogalacturonic acid rapidly and 

large fragments did not accumulate. 

. 
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6. Enzyme fractions relatively high in endo -type PG from the two 

races of Fusarium macerated potato tuber tissue readily with 

optimum activity in the pH range 2. 5 -3. 5. Fractions relatively 

high in exo -type enzyme were virtually unable to macerate 

tissues. 

7. The PG enzymes produced by races R5 -6 and R -2 in culture and 

in Bonny Best and Jefferson tomato stems, respectively, were 

similar in ability to reduce viscosity of the substrate and to re- 

lease reducing groups. Optimum activity in these assays was 

from pH 4. 5 to 5. 5, and in general the extracts from diseased 

plants were more active than the corresponding preparation 

from culture filtrates in the pH range from pH 5. 0 to 7. 0. 

8. Assays for tissue maceration and for hydrolysis products of 

enzyme action further suggest that the PG's produced by the 

races of Fusarium in culture are similar to the PG's produced 

in the respective hosts. 

9. Evidence was obtained that both races of Fusarium produce a 

pectin -transeliminase enzyme. 



87 

BIBLIOGRAPHY 

1. Albersheim, Peter and Ursula Killias. Studies relating to the 
purification of and properties of pectin transeliminase. 
Archives of Biochemistry and Biophysics 97:107 -115. 1962. 

2. Ayres, A. , et al. Enzyme degradation of pectic acid and the com- 
plex nature of polygalacturonase. Nature 1 70 :834. 1 952. 

3. Bateman, D. F. Pectolytic activities of culture filtrates of 
Rhizoctonia solani and extracts of Rhizoctonia -infected tis- 
sues of bean. Phytopathology 53:1 97-204. 1963. 

4. Brooks, J. and W. W. Reid. The complex nature of polygalac- 
turonase from Aspergillus foetidus Thom & Roper. Chemis- 
try and industry 1 2:325. 1955. 

5. Cole, M. Pectic enzymes and phenolic substances in apples rot- 
ted by fungi. Annals of Botany 25:435 -452. 1 961. 

6. Deese, Dawson D. and M. A. Stahmann. Pectic enzymes in 
Fusarium infected susceptible and resistant tomato plants. 
Phytopathology 52:255 -260. 1 962. 

7. Demain, A. L. and H. J Phaff. Recent advances in the enzyma- 
tic hydrolysis of pectic substances. Waller stein Laboratory 
Communications 20:11 9 -1 39. 1 957. 

8. Denison, F. W. Jr. and E. F. Phares. Rapid method for paper 
chromatography of organic acids. Analytical Chemistry 24: 
1 628 -1 629. 1 952. 

9. Deuel, H. and E. Stutz. Pectic substances and pectic enzymes. 
Advances in Enzymology 20 :341 -382. 1 958. 

10. Dimond, A. E. Pathogenesis in wilt diseases. Annual Review 
of Plant Physiology 6:329 -350. 1955. 

11. Elarosi, Hussein. The role of pectic enzymes on the synergistic 
relation between Rhizoctonia solani Kuhn and Fusarium solani 
Snyder and Hansen in the rotting of potato tubers. Annals of 
Botany 22:399 -41 6. 1 958. 

. 



88 
12. Gortner, Ross Aiken, Ross Aiken Gortner, Jr. and Willis Alway 

Gortner. Outlines of Biochemistry. New York, John Wiley 
& Sons, Inc. 1950. 1078 p. 

1 3. Gothoskar, S. S. , R. P. Scheffer and J. C. Walker. The role 
of pectic enzymes in Fusarium wilt of tomato. Phytopathology 
43 :535 -536. 1953. 

1 4. Gothoskar, S. S. , et al. The role of enzymes in the develop- 
ment of Fusarium wilt of tomato. Phytopathology 45:381-387. 
1 955. 

15. Holden, Margaret. Studies on pectinase. The Biochemical 
Journal 40:1 03 -1 08. 1 945. 

1 6. Husain, Akhtan and Arthur Kelman. The role of pectic and cel- 
lulolytic enzymes in pathogenesis by Pseudomonas solanace- 
arum. Phytopathology 48:377 -386. 1 958. 

1 7. Husain, Akhtar and A. E. Dimond. Role of cellulolytic enzymes 
in pathogenesis by Fusarium oxysporum f. lycopersici. Phy- 
topathology 50 -331. :329 1 960. 

1 8. Jansen, E. F. and L. R. MacDonnell. Simultaneous actions of 
polygalacturonase and pectinesterase on pectin. Archives of 
Biochemistry 8:1 13 -11 8. 1945. 

1 9. Jermyn, M. A. and R. G. Tomkins. Chromatographic examin- 
ation of the products of the action of pectinase on pectin. 
Biochemical Journal 47:437 -442. 1 950. 

20. Kaji, A. Studies of macerating enzyme acting on middle lamel- 
la pectin. Bulletin of the Agricultural Chemical Society of 
Japan 20:8. 1 956. 

21. Kertesz, Z. I. The pectic substances. New York, Interscience 
Publishers, 1 951. 628 p. 

22. Lakshminarayanan, K. Adaptive nature of pectin methyleste- 
rase formation by Fusarium vasinfectum. Physiology Plan - 
tarum 1 0:877-881 . 1 957. 

23. Lineweaver, H. and E. F. Jansen. Pectic enzymes. Advances 
in Enzymology 1 1 :267-295. 1 951. 

. 



89 
24. Luh, B. S. and H. J. Phaff. Studies on polygalacturonase of 

certain yeasts. Archives of Biochemistry and Biophysics 
33:212 -227. 1 951. 

25. Luh, B. S. and H. J. Phaff. Properties of yeast polygalacturo- 
nase. Archives of Biochemistry and Biophysics 48:23 -37. 
1 954. 

26. McClendon, J. H. and F. G. Somers. The enzymatic macera- 
tion of plant tissue: observations using a new method of meas- 
urement. American Journal of Botany 47:1 -7. 1 960. 

27. McColloch, R. J. , R. J. Moyer and Z. I. Kertesz. Pectic en- 
zymes. VII. The preparation of tomato pectin methylester- 
ase. Archives of Biochemistry 10 :479 -484. 1946. 

28. McColloch, R. J. and Z. I. Kertesz. The use of ion - exchange 
resin for the complete removal of PME from commercial 
pectinases. Journal of Biological Chemistry 460:1 49-1 54. 
1 945. 

29. McColloch, R. J. and Z. I. Kertesz. Pectic enzymes. VIII. A 
comparison of fungal pectin -methyl esterase with that of 
higher plants, especially tomatoes. Archives of Biochemis- 
try 13 :217 -229. 1947. 

30. McComb, Elizabeth A. and Rolland M. McCready. Use of the 
hydroxamic acid reaction for determining pectinesterase acti- 
vity. Stain Technology 33 :1 29 -131. 1958. 

31 . MacDonnell, L. R. , et al. The specificity of pectinesterase 
from several sources with some notes on purification of 
orange pectinesterase. Archives of Biochemistry 28:260- 
274. 1 950. 

32. Nagel, Charles W. and Reese H. Vaughn. The characteristics 
of a polygalacturonase produced by Bacillus polymixa. Ar- 
chives of Biochemistry and Biophysics 93:344 -352. 1 961 . 

33. Nagel, Charles W. and Reese H. Vaughn. The degradation of 
oligogalacturonides by the polygalacturonase of Bacillus poly - 
mixa. Archives of Biochemistry and Biophysics 94:328 -332. 
1 961 . 



90 
34. Neukom, H. Uber Farbreaktionen von Uronsauren mit Thio- 

barbitursaure. Chimia 1 4:1 65 -1 67. 1 960. 

35. Page, O. T. Induced variation in Fusarium oxysporum. 
Canadian Journal of Botany 39 :1509 -1519. 1 961 . 

36. Page, O. T. Quantitative paper chromatographic techniques 
for the assay of products of polygalacturonase activity of 
fungus culture. Phytopathology 51 :337 -338. 1961. 

37. Palmer, J. K. Chemical investigations of the tobacco. X. 
Determinations of organic acids by ion- exchange chromato- 
graphy. Storrs, 1955. 31 p. (Connecticut Agricultural 
Experiment Station. Bulletin No. 589) 

38. Paquin, R. and L. J. Coulombe. Pectic enzymes synthesis in 
relation to virulence in Fusarium oxysporum f. lycopersici 
(Sacc.) Snyder and Hansen. Canadian Journal of Botany 
40 :533 -541. 1962. 

39, Patel, D. S. and H. J. Phaff. Studies on the purification of 
tomato polygalacturonase. Food Research 25:37 -46. 1 960. 

40. Phaff, H. J. Production of extracellular pectic enzymes by 
Penicillium chrysogenum. I. On the formative and adaptive 
nature of polygalacturonase and pectinesterase. Archives of 
Biochemistry and Biophysics 13 :67 -81 . 1947. 

41. Pierson, C. F. , et al. Histological studies on the role of pec- 
tic enzymes in the development of Fusarium wilt symptoms 
in tomato. Phytopathology 45:524 -527. 1 955. 

42. Pithawala, H. R. , G. R. Savur and A. Sreenivasan. Charac- 
terization of tomato pectinesterase. Archives of Biochemis- 
try 1 7:235-248. 1948. 

43. Reid, W. W. Estimation and separation of the pectinesterase 
and polygalacturonase of micro -fungi. Nature 1 66:569. 
1 950. 

44, Roboz, Elizabeth, R. W. Barratt and E. L. Tatum. Break- 
down of pectic substances by a new enzyme from Neurospora. 
Journal of Biological Chemistry 1 95:459 -471 . 1 952. 



91 
45. Scheffer, R. P. and Walker, J. C. The physiology of Fusarium 

wilt of tomato. Phytopathology 43:11 6 -1 25. 1 953. 

46. Scheffer, R. P. and J. C. Walker. Distribution and nature of 
Fusarium resistance in the tomato plant. Phytopathology 44: 
94 -1 01 . 1 954. 

47. Scheffer, R. P. , et al. Physiological aspect of Verticillium 
wilt. Phytopathology 46:83-87. 1 956. 

48. Schubert, E. Differentiation of the polygalacturonases of 
Aspergillus niger. Nature 1 69 -931 -932. 1 952. 

49. Solber, H. A. , et al. Chromatography of proteins. II. Frac- 
tionation of serum protein on anion exchange cellulose. 
Journal of the American Chemical Society 78 :746 -763. 1956. 

50. Somogyi, Michael. Notes on sugar determination. Journal of 
Biological Chemistry 1 95:1 9-23. 1 952. 

51. Starr, Mortimer P. and Francis Moran. Eliminative split of 
pectic substances by phytopathogenic soft rot bacteria. 
Science 1 35:920 -921. 1 962. 

52. Waggoner, Paul E. and A. E. Dimond. Production and role of 
extracellular pectic enzymes of Fusarium oxysporum f. 
lycopersici. Phytopathology 45:79 -87. 1 955. 

53. Warburg, O. and W. Christian. Isolierung und Kristallisation 
des Garungsterments Enolase. Biochemische Zeitschrift 
31 0 :384 -421. 1 942. 

54. Winstead, N. N. and J. C. Walker. Production of vascular 
browning by metabolites from several pathogens. Phyto- 
pathology 44:1 53 -15 8. 1954. 

55. Wood, R. K. S. Studies in the physiology of parasitism. XVIII. 
Pectic enzymes secreted by Bacterium aroideae. Annals of 
Botany 1 9 :1 -27. 1 955. 

56. Wood, R. K. S. Pectic and cellulolytic enzymes in plant dis- 
ease. Annual Review of Plant Physiology 11 :299 -322. 1960. 



92 

57. Wood, R. K. S. Pathogen factors in the physiology of disease - 
pectic enzymes. In Plant pathology, problems and progress, 
1908 -1958. Madison, University of Wisconsin Press, 1959. 
p. 1 00 -1 09. 


