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This investigation was undertaken to determine 1) the effects

of various carbon sources in defined media on pectolytic enzyme pro-

duction, 2) the effect of the incubation period on pectolytic enzyme

activity, and 3) the development of improved methods for the purifi-

cation and characterization of the polygalacturonases (PG) produced

by Fusarium oxysporum f. sp. lycopersici.

Optimum PG and pectinesterase (PE) production on pectin

medium occurred in nine days while 11 days were required for opti-

mum pectin methyl trans-eliminase (PMTE) synthesis. PMTE was

the predominant enzyme synthesized on polygalacturonic acid (PGA)

with trace amounts of PG and PE. Optimum PMTE synthesis occurred

in five days, while PG and PE activity decreased after three days of

incubation. Only trace amounts of PG and PMTE were detected in

cultures in which glucose was the sole carbon source, and PE pro-

duction was greater on glucose than on PGA. Polygalacturonate



trans-eliminase was not detected in any of the cultures.

The action of these enzymes was determined on purified pectic

substrates, using improved viscosity reduction and reducing group

assays, as well as thin layer chromatography (TLC) procedures for

the detection of hydrolysis products. Only endo-PG and endo-PMTE

activity was present in the pectin, PGA, and glucose culture filtrates.

The results obtained from the TLC of the PG-reaction-mixtures

indicated a preferential release of mono-galacturonic acid from PGA,

which suggest exo-PG activity. However, this enzyme probably was

not an exo-PG because only a small number of the total a -1, 4 link-

ages were hydrolyzed at relatively high levels of viscosity reduction.

About 90% of the PG activity in a pectin medium culture fil-

trate was adsorbed on CM-cellulose resulting in a 24-34 fold increase

in specific activity. Most of the PE activity was similarly adsorbed

on CM-cellulose, but the endo-PMTE was not adsorbed. All the

pectolytic enzyme activity in the PGA culture filtrates was lost fol-

lowing dialysis against 0. 01M acetate buffer (pH 4. 0). Most of the

endo-PG in the filtrates from glucose cultures was not adsorbed on

CM-cellulose.

An enzyme isolated from the glucose cultures hydrolyzed

sodium polypectate reducing its viscosity but yielding an unidentified

aldohexose as the major hydrolytic product. Thus, suggesting that this

enzyme may have been misclassified in the past as a PG, but it is



probably more closely related to the hemicellulases.

The chromatographic patterns obtained by gel filtration and

ion-exchange chromatography of the PG produced on pectin, PGA,

and glucose were correlated with the amount of carbohydrate present

in the enzyme fractions. The size of the enzyme units and the num-

ber of peaks produced on Sephadex G-75 and CM- and DEAE-cellulose

columns increased with increasing carbohydrate concentration.

Dialyzed culture filtrate and the fraction not adsorbed on CM-cellu-

lose produced more peaks on the Sephadex G-75 and ion-exchange

columns than did the fraction adsorbed on CM-cellulose.
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PECTOLYTIC ENZYME PRODUCTION BY FUSARIUM
OXYSPORUM F. SP. LYCOPERSICI

INTRODUCTION

The role of pectolytic enzymes in plant pathogenesis and,

particularly the vascular wilts, has been the subject of intensive in-

vestigation over the past decade. One of these vascular diseases is

Fusarium wilt of tomato induced by Fusarium oxysporum f. sp.

lycopersici. In recent reviews, Bateman and Millar (13), Dimond

(29), and Wood (98, p. 122-187 and 326-354) have elucidated our

present knowledge concerning the physiology of the vascular wilts and

implied a role for the pectic enzymes in disease development. Of

particular interest are those pectic enzymes responsible for tissue

degradation which appear to be polygalacturonases (Poly-a-1, 4

galacturonide glycanohydrolase E. C. 3. 2. 1. 15) (PG).

To fully understand the role of these pectolytic enzymes in wilt

diseases, we must first isolate and characterize the various types of

pectic enzymes the pathogen produces in vitro and in vivo. There

are a number of reports (58, 68, 70, 74, 79, 92, 101) on some

of the factors affecting the synthesis and characterization of PG

enzymes produced by this fungus in vitro, but there appeared to

be considerable variability in the amount of enzyme produced, the
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effects of various carbohydrates on synthesis and/or repression of

PG, and the methods used for the characterization of the secreted

enzyme.

This investigation was undertaken with the expressed purpose

of 1) determining the effects of various pectic substances on pecto-

lytic enzyme production, 2) elucidating the types of pectolytic en-

zymes produced over a period of 17 days on various carbon sources,

and 3) developing methods for the characterization and purification

of PG produced by Fusarium oxysporum f. sp. lycopersici.
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LITERATURE REVIEW

Pectic Enzymes

The literature dealing with pectic enzymes in plant pathology

was reviewed recently by Bateman and Millar (13), Dimond (29), and

Wood (98, p. 122-187 and 326-354). There are many reports of

various types of pectolytic enzymes and Bateman and Millar (13)

have included the following enzymes under this general heading:

pectinesterase (PE), formerly referred to as pectin methylesterase

(PME); polygalacturonase (PG); polymethylgalacturonase (PMG);

pectin methyl trans-eliminase (PMTE); and polygalacturonate trans-

eliminase (PATE). This classification is based in part on the one

presented by Demain and Phaff (28).

PE is characterized by its ability to hydrolyze the methoxyl

group on carbon atom No. 6 of the galacturonic acid unit in the pectin

or pectinic acid polymer. This enzyme may be isolated from a wide

variety of higher plants and is produced by many microorganisms.

The pH requirements for PE from higher plants varies from pH 4.0

to 8.0 with an optimum of approximately pH 6.0 (48, p. 360-374),

while the pH optimum for PE from microbial origin is generally be-

tween 4.5 and 5.0. Activity of PE isolated from higher plants is

stimulated by divalent cations while the enzyme from fungi is much

less affected (48, p. 360-374). Demethylation of pectins by PE
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makes them susceptible to the action of PG and PATE.

The remainder of the pectolytic enzymes degrade pectic sub-

stances by cleaving the a-1, 4 linkages between the galacturonic acid

units by either a hydrolytic or trans-eliminative mechanism. PMG

preferentially hydrolyzes pectin and pectinic acids by either a ran-

dom (endo) or terminal (exo) mode of action. The PMG requires the

presence of both methoxyl and carboxyl groups on the No. 6 carbon

of adjacent galacturonic acid units (28). PMG enzymes can be clas-

sified further on the basis of their pH optima and the degree to which

they hydrolyze the substrate.

The PMTE enzymes degrade pectin by a trans-eliminative

mechanism whereby the proton on the No. 5 carbon atom of the

methoxylated galacturonic acid unit is removed and a double bond in-

serted between the No. 4 and No. 5 carbon atoms (3). PMTE en-

zymes normally have pH optima between 8.0 and 9.0 and are usually

stimulated by the addition of low levels of Ca++ (13). The action of

these enzymes may be terminal or random. These enzymes are pro-

duced by phytopathogenic and saprophytic fungi, as well as higher

plants (2, 13).

The PATE enzymes preferentially hydrolyze demethylated pec-

tic substances by trans-eliminative action producing unsaturated pro-

ducts (86). They have pH optima between 8.0 to 9.0 and are

generally stimulated by relatively low levels of Ca++. PATE action
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may be by an endo or exo mechanism. These enzymes have been

isolated from a wide variety of phytopathogenic fungi and bacteria,

as well as, saprophytic and symbiotic bacteria (13).

The most important pectolytic enzymes in plant diseases are the

polygalacturonases. These enzymes are characterized by the prefer-

ential hydrolysis of the a-1, 4 linkages of demethylated pectic substances

(pectic and polygalacturonic acids) and generally exhibit pH optimum

between 3.5 and 4.5. The action of these enzymes may be either by an

endo or exo mechanism. PG enzymes are distinguishable from the

PATE enzymes on the basis of their pH optima and cation stimulation.

PG enzymes are inhibited by Ca
++and other divalent cations by action on

the substrate (23) or by reaction with the enzyme (63, 83). However, Mg

stimulates the hydrolytic degradation of sodium polypectate by these

enzymes (23). PG enzymes have been isolated from higher plants, as

well as being produced in vitro and in vivo by saprophytic and phyto-

pathogenic fungi and bacteria (13, 98, p. 164-167).

The Role of Pectolytic Enzymes in Plant Diseases

Although the PE enzymes are not capable of degrading the

a-1, 4 linkages of the pectic materials present in the middle lamella

and primary cell walls of plants, they may play a role in plant

diseases by demethylating native plant pectins which then may be

further degraded by PG and PATE enzymes. At one time PE
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enzymes were believed to induce vascular browning which occurs in

the vascular wilt diseases (29), but this phenomenon has since been

associated with the action of polyphenol oxidases (29). The source of

the PE isolated from diseased plants has been a subject of study

since both the host and pathogen are capable of synthesizing this en-

zyme, and it increases at the infection site in plant diseases (13).

Increased PE activity is accomplished by accumulation of cations

which may release PE attached to the plant cell wall (13). However,

this elution of enzyme is insufficient to explain fully the increased

activity in diseased tissue and some of the increase must be due to

the presence of PE produced by the pathogen (13, 29).

Based on our present knowledge, PG, PMG, PMTS, and PATE

enzymes appear to function in penetration of plants by various patho-

gens (13), in formation of vascular pectic plugs in the wilt diseases

(13, 29, 98, p. 326-354), in the intercellular-ramification of patho-

gens (13, 98, p. 122-153), and as a toxic substance causing cell

death (13, 29). The importance of these enzymes in soft and dry rots

of plant storage organs is well documented, but there is still some

doubt as to the extent to which the individual pectolytic enzymes are

involved in tissue maceration since little work has been reported with

purified enzymes (13, 29, 98, p. 140-148).

Our understanding of the role of pectolytic enzymes in vascular

wilt diseases is similarly handicapped by the lack of studies with
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purified enzyme preparations. Although these enzymes, primarily

PG, have been implicated in the production of pectic plugs in the

xylem vessels, there is little evidence to document their relation to

disease development and attempts to isolate these chain splitting

pectolytic enzymes from the xylem sap of diseased plants have been

unsuccessful (29). However, Young (101, p. 61-80) successfully iso-

lated a PG from stem tissue of Fusarium infected tomato plants.

The enzyme had properties similar to PG produced by F. oxysporum

f. sp. lycopersici in vitro. The exact role of PG, PMG, PMTE, and

PATE enzymes in the wilt disease syndrome will not be determined

until the individual enzymes have been purified, the current enzyme

assay procedures improved, and the substrates used in enzyme

assays sufficiently purified.

Pectic Enzyme Production by Fusarium
oxysporum f. sp. lycopersici

Waggoner and Dimond (92) reported the first extensive study

on the production of pectic enzymes by F. oxysporum f. sp.

lycopersici. They found that PG and PE were produced when F.

oxysporum f. sp. lycopersici was grown on a defined medium

containing pectin and NH
4
NO3 as the carbon and nitrogen sources,
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respectively. However, when glucose was the carbon source, PE

was the only pectic enzyme produced. The data of Paquin and

Columbe (68) corroborated these results, and they pointed out that

PE production on glucose was dependent on the temperature and pH

of the growth medium. Later, Mussell and Green (58) found no PG

in glucose cultures of F. oxysporum 1. sp. lycopersici and Patil and

Dimond (70, 74) reported maximum PG production occurred when

this fungus was cultured on a defined medium containing pectin, but

PG production was repressed by the addition of glucose, galacturonic

acid, and 2-deoxy-D-glucose to this medium, while sorbitol and

galactitol inhibited PG production. However, in Patil and Dimond's

reports (70, 74), it was noted that on a glucose medium PG produc-

tion was greater than that recorded for the other sugar and sugar

alcohol media.

These discrepancies may have been the result of the enzyme

assay and purification procedures used by these workers. There are

several factors which could result in the loss of PG activity. Gupta

and Rautela (37) demonstrated that dialysis against distilled water

resulted in a 85% loss of PG activity and the majority of the PG

purification procedures reported have included a water dialysis step

(4, 7, 44, 46, 47, 56, 74, 87-89, 90, 92, 101, p. 21-22). This

could limit the detection of PG activity if the initial concentration of
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the enzyme was low. Another factor which could have prevented the

detection of PG would be the use of only a single assay procedure

such as viscosity reduction or reducing group liberations (43, 66,

70-74, 81, 87) that favor endo and exo activity, respectively. There

have also been reports (4, 43, 44, 46, 47, 56, 66, 70-74, 81, 97)

where substrates such as sodium polypectate (NaPP) containing some

nonuronide material, were used in the enzyme-reaction-mixtures

for the detection of specific pectolytic enzymes. Gremli and Neukom

(34) have recently isolated an a-L-arabinofuranosidase which hydro-

lyzes pectin and NaPP. Therefore, it is possible that the enzyme

produced on glucose (4, 8, 58, 72), with activity measured on NaPP,

may not be a PG. This would also apply to the reports by Bateman

(10) and Winstead and McCombs (97) where glucose was released

during the enzymatic hydrolysis of NaPP.

Similar discrepancies as those noted for production of PG on

glucose exist with other carbon sources. Sherwood (79) reported that

F. oxysporum f. sp. lycopersici produced more PMTE on pectin than

on NaPP while the reverse was found for PG production. However,

Young (101, p. 78-80) failed to detect any appreciable amount of PMTE

when the same fungus was grown on a synthetic medium containing

pectin and NH
4
NO3 as the sole carbon and nitrogen sources respec-

tively, but PG production was favored under these conditions. In
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addition. Mussell and Green (58) found that optimum PG production

by F. oxysporum f. sp. lycopersici occurred on PGA. Although

Mussell and Green (58) gave no information on their assay procedures

for detecting pectolytic enzyme activity, it would appear that their

PG may have been a PATE or PMTE.

Enzyme Purification

There have been relatively few attempts to purify the pectolytic

enzymes produced by F. oxysporum f. sp. lycopersici. Waggoner

and Dimond (92) dialyzed their culture filtrates against running tap

and distilled water for four and 12 hours, respectively. Following dial-

ysis, they adsorbed and then eluted the pectolytic enzymes from celite.

Patil and Dimond (74) dialyzed their culture filtrate against deion-

ized water overnight at 3-4°. The purification procedure employed

by Swinburne and Corden (89) involved dialysis against running tap

water for 18 hours and running distilled water for eight hours, con-

centration by flash evaporation at 30o, and freezing. In addition,

Young (101, p. 21-22) attempted to purify the pectolytic enzymes

produced by F. oxysporum f. sp. lycopersici by dialyzing the cul-

ture filtrate against running tap and distilled water for 16 and four

hours, respectively, at room temperature. He then concentrated



the enzyme by flash evaporation at 300 and either precipitated the

enzyme with ethanol or chromatographed the concentrated fraction

on DEAE-cellulose. However, all of these procedures failed to

effectively separate PG from the PE enzymes. In addition these

researchers failed to use purified substrates in their enzyme reaction-

mixtures, and this could have resulted in the detection of enzymes

other than PG but which were designated as PG.

Improved purification procedures of pectolytic enzymes iso-

lated from higher plants and produced in vitro by other fungi and

bacteria have been reported. The methods which have been utilized

are: precipitation of the enzymes in the culture filtrates or dialyzed

culture filtrates with acetone (37, 57, 60, 88), methanol (99, 100), ethanol

(37, 84), and (NH4)2SO4 (14, 31, 47, 82). Another technique em-

ployed a combination of gel filtration (Sephadex G-75 and G-200) and

CM-Sephadex or CM-cellulose column chromatography (8, 18,

respectively). It seems that the most satisfactory purification

scheme was recently reported by Rexova-Benkova and Slezarik (76-

78). Their procedure was as follows: 1) precipitation with

(NH4)2SO4, 2) reprecipitation with cold ethanol, 3) precipitate

solubilized and lyophilized, 4) Sephadex G-25 column chromato-

graphy and lyophilization of the protein fractions, and 5) column
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chromatography on DEAE-cellulose at pH 7.0 in NaHPO4 buffer

by gradual elution with buffer containing an increasing concentration

of salt. Five peaks of activity were recovered from the column.

Peak C contained the PG, peak D the PME, and peak E the PMG.

This purification sequence enabled these workers to determine the

molecular weight and amino acid content of the extracellular endo-

PG produced by Aspergillus niger.

Methods of Characterization

There have been various assays developed to measure pecto-

lytic enzyme activity. The cup plate assay of Dingle et al. (30) is

based on the ability of the enzyme to hydrolyze NaPP as the enzyme

diffuses through an agar medium. The activity is detected by an

opaque zone formed by the precipitation of the hydrolyzed substrate

molecules with 2N HC1. A similar cup plate assay was developed by

Mann (54) to detect PE activity. For the PE assay, pectin is used as

the substrate and a pH indicator is added to the medium; thus, en-

abling a visual estimation of enzymatic activity since the hydrolysis

results in the formation of a carboxyl group and a concomittant

lowering of the pH and color change of the surrounding medium.

However, the data obtained by these assays are not quantitative un-

less standard incubation time and temperature conditions are main-

tained at all times.
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Two additional assay procedures have been used for measure-

ment of activity and characterization of pectolytic enzymes. These

assays depend on the ability of the enzyme to break the a -1, 4 clyco-

sidic linkages of pectic substances with a resultant reduction in vis-

cosity and the release of reducing groups. The substrates generally

used in the viscosity reduction assay has been NaPP for PG (8, 9,

44, 46, 47, 51, 56, 66-68, 75-79, 81, 88, 89, 92, 101, p. 22-24)

and pectin for PMG (85). However, Rexova-Benkova and Slezarik

(76-78) used pectic acid for PG and pectinic acid for PMG in their vis-

cosity reduction and reducing group assays. The viscosity reduction

of a reaction-mixture has been determined by measuring the time re-

quired for a measured amount of the reaction-mixture to flow through

a capillary tube (92) or by directly reading the viscosity change in

centipose from the dial of a rotating spindle apparatus (80).

Three assays have been used to determine the reducing groups

released from pectic substances by PG, PMG, PATE, and PMTE,

and these are the hypoiodite or iodometric titration procedure (45),

the dinitrosalicylic acid (DNS) assay (55), and Somogyi's alkaline-

copper colorimetric assay (83). The DNS (55) assay procedure was

used by several workers (8, 24-27, 38-41, 44, 46, 47, 56, 75-78,

82, 88) while Somogyirs (83) assay has been used in this laboratory

(53, 101, p. 22-24) and in several others (39, 59, 69). In this
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connection, Whistler and Wolfrom (95) pointed out that Somogyi's

(83) assay was the most sensitive of the available reducing group

assays.

The thiobarbituric acid (TBA) colorimetric assay developed by

Neukom (64) and later modified by Ayers et al. (7) has been used to

measure PATE, PMTE, and PG activity by measuring the absor-

bancies of the samples at wavelengths of 540 mil (PATE and PMTE)

and 515 Mil (PG), respectively. Another technique which was devel-

oped by Albersheim et al.. (2, 3) measures PMTE and PATE activity

by determining the increase in absorbancy of the unsaturated 4-5

bonds in an enzyme-reaction-mixture at wavelengths of 230 and 235

mil, respectively.

Various combinations of solvent systems and chromagenic

reagents have been used for determining the hydrolytic products in

the reaction-mixture by paper and thin layer chromatography (TLC).

The sodium formate-formic acid-water system of Page (65) appeared

to be the best system of separation of the uronic acids while the pyri-

dine-ethylacetate-acetic acid-water system of Block et al. (16, p.

204-205) resulted in the maximum separation of other compounds

from the uronic acids. Furthermore, some of the chromogenic

reagents used by previous workers, such as ammonical AgNO3 (8, 9,

57), aniline (12, 76, 82), and brom phenol blue (6, 12, 53, 57, 88,

101, p. 24-28), are not quantitative since they do not
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differentiate the uronic acids from other possible products in the

reaction-mixture. However, the CD-1 (2 -aminobiphenyl) chromo-

genic reagent developed by Gordon et al. (33) differentiated between

the aldopentoses, aldohexoses, uronic acids, aminosugars, and other

carbohydrates.

Two additional techniques used to characterize pectolytic en-

zymes involves their behavior during gel filtration and ion-exchange

column chromatography. The gel filtration technique has been used

as a procedure for purification (8, 17-19, 42, 76-78, 82, 99),

molecular weight estimations (1, 5, 8, 78, 88, 89), and homogeneity

determinations (88, 89).

Anion (DEAE-cellulose) and cation (CM-cellulose, Duolite CS-

101, CM-Sephadex, Cellulose-phosphate, and Ecteola-cellulose) ex-

changers have been used for the purification and characterization of

pectolytic enzymes. Young (101, p. 34-61) isolated five peaks con-

taining pectolytic enzyme activity from a DEAE column of the en-

zymes produced by F. oxysporum f. lycopersici. The majority of

the enzymatic activity (PG) was eluted in the void volume, but Young

failed to separate PE from PG by this method. Swinburne and Corden

(89) obtained similar results with the Fusarium enzyme on DEAE-

cellulose but when this enzyme was chromatographed stepwise on

Duolite CS-101, three peaks resulted with only 0.7% of the enzyme

coming off at salt concentrations of 0. O1M and 0. 1M, while the
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majority of the PG was eluted with 1M sodium acetate. On re-

chromatography, the major Duo lite peak resulted in the production

of a single positive peak indicating that it was homogenous. How-

ever, chromatography of the second Duo lite peak on DEAE resulted

in the production of two peaks (98%, +, 2%, -) which were similar to

the peaks produced by the original sample. Swinburne and Corden

suggested that the formation of isoenzymes or complexing of the

enzyme with other molecules (substrate) was responsible for this

anomalous behavior during ion exchange chromatography.
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MATERIALS AND METHODS

Fungal Growth

Fusarium oxysporum f. sp. lycopersici (Sacc.) Snyder and

Hans. strain R 5-6 was grown in a liquid medium on a rotary shaker

at 25o with 260 ft-c of artificial light on a 16-hour day. One liter of

the liquid medium contained: 5. Og NH4NO3, 2. 5g KH21D04, 1. Og

Mg504' 7HOH, 40mg FeC13. 6HOH, 20mg ZnSO4- 7HOH, and lOg of

either glucose, pectin N. F. (Sunkist product no. 3442), or poly-

galacturonic acid (Sunkist product no. 3491). The pH of the medium

was adjusted to 5.0 with HC1, autoclaved and then 200 ml of the

medium in 500 ml Erlenmeyer flasks were inoculated with 7.0 mm

discs cut from the margin of actively growing Fusarium colonies on

potatoe-dextrose-agar. After 3, 5, 7, 9, 11, and 17 days of incuba-

tion, 800 ml of culture fluid was collected, the pH was measured, and

fungal growth was estimated by determining the spore concentration

using a standard dilution plate assay.

A sterile culture filtrate for enzyme assays was obtained by

centrifuging the liquid culture at 7,500 x g to remove the fungal cells,

then filtering the supernatant fluid through a Millipore HA filter

(0. 45 p. ). Sodium azide was added to a final concentration of 0. 02%

(w/v) to preserve the culture fluid; at this concentration the azide

had no effect on pectolytic enzyme activity.
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Partial Purification and Concentration of Pectolytic Enzymes

Step 1. The culture filtrate in 1.0 1 batches was dialyzed for

48 hours against three changes of 10 1 of 0. OIM acetate buffer (pH

4. 0), The dialyzate was passed through a Millipore filter (0.45 p, )

and sodium azide was added.

Step 2. The filtrate from Step 1 was added in 400-500 ml

batches to 40g of CM-cellulose (Cellex CM, Bio Rad Laboratories)

in 500 ml of 0. O1M acetate buffer (pH 4.0). The resulting slurry

was filtered, the CM-cellulose was washed with two batches of the

acetate buffer totaling 750 ml, and the filtrates were combined. The

pectolytic activity in this fraction was termed "EnzH on the basis of

its behavior on the cellulose ion exchanger.

Step 3. The CM-cellulose from Step 2 was eluted with three

batches totaling 1750 ml of 0.01M acetate buffer (pH 4.0) containing

1. OM KCI /liter. The enzymatic activity in this fraction was desig-

nated "Enz ".

Step 4. The Enz - and Enz+ fractions were passed through a

Millipore filter (0.45 p. ) and the Enz+ fraction was dialyzed for 48

hours against three changes of 10 1 of 0. 01M acetate buffer (pH 4.0)

to remove the KC1.'

Step 5, The Enz and Enz+ fractions from Step 4 were concen-

trated 10-fold in a Diaflo ultrafiltration cell under 100 psi of He using
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a UM-2 membrane with a molecular weight cutoff of 1000. The con-

centrated fractions then were passed through a Millipore filter

(0.45 p.) and sodium azide was added.

Ion Exchange Column Chromatography

Enzyme samples (10 ml) were applied to DEAE-cellulose

(0.84 meq/g, coarse, Sigma Chemical Co.) and CM-cellulose columns

(I. 5 cm x 30 cm) equilibrated with 0. O1M acetate buffer (pH 5.6 and

4. 0) respectively. A linear gradient from 0 to 0. 62M NaC1 in 0. O1M

acetate buffer (pH 5.6) was applied to the DEAE-cellulose, and the

CM-cellulose was eluted with a linear gradient from 0 to 1. 25M KC1

in 0. O1M acetate buffer (pH 4.0). The flow rates of the DEAE- and

CM-cellulose columns were 2.5 ml and 4.8 ml/min respectively.

Ten ml fractions were collected from both columns and the pectolytic

enzyme activity was measured by the cup-plate method.

The DEAE-cellulose was regenerated with 1.0 N NaOH,

washed with distilled water, pH adjusted to 5.6 with 2.0 N Acetic

acid, and washed repeatedly with 0. O1M acetate buffer (pH 5. 6).

CM-cellulose was regenerated with 1.0 N HC1, washed with distilled

water, pH adjusted to 4.0 with 1.0 N NaOH, and washed repeatedly

with 0. O1M acetate buffer (pH 4.0).
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Sephadex G-75 Filtration

Sephadex G-75 was packed into columns (2.5 cm x 30 cm)

adapted for reverse flow and equilibrated with 0. 05M acetate buffer

(pH 5. 0) containing 0.02% sodium azide. Enzyme samples (5 ml)

were placed on the columns and the buffer was allowed to flow at a

rate of 1.0 ml/min. Five ml fractions were collected and the pecto-

lytic enzyme activity was measured by the cup-plate method.

Development of the Reducing Group Assay

Pectic Substances and Assay Preparations

The pectic substances used in these experiments were the

same as described before with the exception of pectic acid-PA (Nu-

tritional Biochemical Co. , Cont. No. 1962). A series of dilutions

with proportional amounts of the pectic compounds were prepared

from 1% or 2% (w/v) stock solutions for the polyuronides and a 350

p.g/2 ml galacturonic acid monohydrate stock solution.

In experiments with polygalacturonase, the substrates were

prepared in 0.1 M acetate buffer (pH 5. 0). The dilution of the

reaction-mixture by the addition of 1 ml of crude fungal PG or other

solutions tBa(OH)
2

and ZnSO4] was accounted for by the deletion of

buffer, and thus the substrate concentration remained the same in

all experiments.
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Procedure for the Alkaline-Copper Reducing Group Assay

The reagents used in the modified alkaline-copper technique

for reducing group determination were prepared according to the

method of Somogyi (83). The alkaline-copper reagent was prepared

before each experiment by mixing four parts of solution I with one

part of solution II. Two ml of this alkaline-copper reagent were

pipetted into 16 X 125 mm screw cap test tubes containing 2 ml of

the pectic substance being assayed. The tubes were capped, solu-

tions mixed, and then placed in a constant level boiling water bath

and heated for five minutes. A 2000 watt electric hot plate was used

as the heat source for the water bath because any hot plate smaller

than this did not supply enough heat to maintain continuous boiling

when the tubes were placed in the bath or while the bath was refilling

after the sample tubes had been removed. Following boiling, the

tubes were cooled under running tap water.

After cooling, 2 ml of Nelson's (63) arsenomolybdate chromo-

genic reagent was added to each tube and the tubes shaken until ef-

fervescence ceased. The samples were poured into large test tubes

and diluted to 25 ml with distilled water. These diluted samples

were then thoroughly mixed on a vibra-mix and filtered through

Whatman No. 4 filter paper into a clean set of large test tubes. The

filtered solutions were again thoroughly mixed on a vibra-mix and
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their absorbancies determined at 540 mp,.

Since the original alkaline-copper method was designed for

blood sugar determinations, 0.3 N Ba(OH)
2

solu-

tion was added as a deproteinizing agent (63, 83) as protein interferes

with the reducing group measurements. To prevent any interference
++

in color development by the presence of excess Ba , ZnSO4 (5%)

++
was added to precipitate the excess Ba . The proportion of Ba(OH)

2

and ZnSO4 used in these experiments was 12.5% of the total volume

of the test samples or 2.5 ml of each solution per tube. In those

experiments which involved the deproteinization of pectolytic en-

zyme-reaction-mixture, 1 ml of the enzyme (PG) was added to the

appropriate substrate, mixed for 20 seconds on a vibra-mix, and

then the Ba(OH)
2

was added to each of the samples. The samples

were again thoroughly mixed, the ZnSO4 (2. 5 ml) solution was added

and mixed, and this mixture filtered through Whatman No. 4 filter

paper into clean large test tubes. The 20 second mixing period was

deleted for those samples which contained no enzyme. The reducing

groups present in triplicate samples of each one of the filtrates were

then determined as before.

Procedure for the DNS Reducing Group Assay

The DNS reagent (55) was prepared as follows: 10g, dinitro-

salicyclic acid; 2g, phenol; and 10g, NaOH were placed in a one
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liter volumetric flask and brought up to volume with distilled water.

This solution comprised the stock reagent. At the time of use,

0. 05% NaSO3 was added to the amount of stock reagent that was ex-

pected to be used for that day's experiment. In addition, a 40%

solution of Rochelle salt (NaKC4H406'4H20) was prepared and

placed in a bottle fitted with a repipet device. The DNS determina-

tions on the pectic substances and galacturonic acid were conducted

in 24 mm x 20.5 cm and/or 16 x 150 mm test tubes. Three ml of

the test material was pipetted into test tubes containing 3 ml of the

reduced DNS reagent. The tubes were boiled in a water bath for

five minutes, removed, 1 ml of the Rochelle salt solution immedi-

ately added to each tube with thorough mixing, and the tubes cooled.

In all instances, with the exception of galacturonic acid, heavy pre -

cipitates formed in the tubes. Therefore it was necessary to centri-

fuge the cooled assay mixtures at 7000 x g for five minutes because

filtration resulted in a drastic loss of color by the samples. Follow-

ing centrifugation, the supernatant fluid was poured into clean test

tubes and their absorbancies determined at 575 nip- Triplicate

samples of each substrate and galacturonic acid monohydrate were

tested at all concentration levels. Identical amounts of substrate

were used in both the DNS and alkaline-copper experiments.
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The Effects of Deproteinization

The development of the modified alkaline-copper method of

reducing group determination as reported here was gradually

developed over several years. This method was primarily derived

from the colorimetric methods described by Nelson (63) and

Sornogyi (83). Addition of Ba(OH)2 and ZnSO4 to the pectic sub-

stances drastically reduced the absorbancies obtained for the

samples (Figure 1B). At low PA and PG concentrations, few re-

ducing groups were detected. The data given in Figure lA -B clear-

ly shows this effect of reduction in reducing ends. Not only does it

occur with long chain polyuronides, but this phenomenon causes a

drastic reduction in available reducing groups in galacturonic acid

solutions (Figure 1B). The effect of the Ba(OH)2 decreases with

increasing polyuronide or galacturonic acid concentration. From

the data given in Figure lA and B, the percentage of lost reducing

power for each of the pectic materials and galacturonic acid were

as follows: PGA, 97 to 43%; PA, 98 to 57%; NaPP, 55 to 34%; and

galacturonic acid, 74 to 25%.

The addition of Ba(OH)
2

to the enzyme-reaction-mixture simi-

larly resulted in the reduction of reducing groups (Figure 1C and D).



Figure 1. The effects of Ba(OH)2 on galacturonic acid, pectic sub-
stances, and enzyme reaction-mixtures with: A) pectic
substances, B) pectic materials + BA++, C) pectic
materials + enzyme, and D) pectic substances + enzyme
+ Ba(OH)2. The pectic materials are represented by
the following symbols: galacturonic acid,. 0;
PGA, 0 0; PA,E-0; and NaPP, A A . The
concentration of the pectic materials used were 0.1 to
1.0 g/100 ml while the concentration of galacturonic acid
was 35 to 350 µg /2 ml.
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Here again, the greatest loss in reducing ends occurred with the

more purified substrates PA and PGA rather than with NaPP. The

effect of the Ba(OH)
2

on the loss of the available reducing groups in

the enzyme-reaction-mixtures were found to range from 84 to 68%

for PGA; 92 to 68% for PA; and 40 to 14% for NaPP from low to high

levels of substrate concentration (0.1 to 1.0 g/100 ml), respectively.

The objective in adding the Ba(OH)2 was to precipitate the protein

for blood sugar determination and to inactivate the enzyme in the

enzyme-reaction-mixture by precipitation. However, this was

achieved by the copper present in the reagent, and any other method

of inhibiting enzyme activity was unnecessary. Corden et al. (23)

showed that copper was very effective in inhibiting hydrolysis of

NaPP by pectolytic enzymes. Furthermore, the concentration of

Cu++ present in the alkaline-copper reagent was considerably higher

than the level which Corden et al. (23) reported to be inhibitory. It

is therefore suggested, that the Cu++ was just as effective as the

+
Ba

+ in preventing the enzymatic hydrolysis of NaPP or any of the

other substrates.

The DNS vs. the Modified Alkaline-Copper Reducing Group Assays

A comparison of these two methods of reducing group deter-

minations are shown in Figures lA and 2. The data presented here



Figure 2. The effectiveness of the DNS method for measuring
the reducing groups of pectic substances with:
galacturonic acid, 4,-0; PGA, 0-0 ; PA,
and NaPP,A--A. The concentration of the pectic
substances was 0.1 to 1.0 g/100 ml while the concen-
tration of galacturonic acid was 52.5 to 525 p.g/3 ml.
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indicates that all of the polyuronide compounds used in this study

were degraded by the DNS reagent upon boiling in a water bath

(Figure 2), thereby, resulting in absorbancies that were much higher

than would normally be expected. Furthermore, pectic substances

are known to be polymers of galacturonic acid, and should, there-

fore, generate concentration response curves which would parallel

the galacturnoic acid standard curve at equivalent concentrations.

As noted in Figure 2 this was not the case, and the degree of diver-

gence from the galacturonic acid curve increased with chain length

and degree of purity of the pectic material in this case PGA and PA.

Sodium polypectate is also decomposed by the DNS reagents with

increasing concentration of the substrate, but to a lesser extent

than occurred with PA and PGA. This reduced rate of breakdown

must undoubtedly be related to the presence of several nonuronide

substances which are known to be associated with NaPP (48, p. 78-

89), such as mannans, glucans, arabinose, and xylose.

The results of the modified alkaline-copper tests in Figure lA

show that PGA generated a concentration response curve which was

parallel to the galacturonic acid standard curve. Although the PGA

curve was parallel to the galacturonic acid standard curve, pectic

acid was more susceptible to heat degradation due to its increased

chain length (3) as indicated by its deviation from the galacturonic

acid standard curve. However, NaPP always failed to generate a
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concentration response curve which paralleled the galacturonic acid

standard curve. The reduction in slope of the NaPP curve was

probably due to the complexing of the copper with this substrate. In

experiments where the polyuronide concentration range was from

0.01 to 0.1 g/100 ml the DNS curves had a much steeper slope than

did those obtained by the modified alkaline-copper assay as the re-

sult of continued substrate decomposition by the DNS reagents. The

absorbancies obtained for this low concentration range using the

alkaline-copper method varied from 0.0 to 0. 66 0. D. units vs. 0.0

to 0. 485 for the DNS assay, thus further establishing the direct de-

composition of the polyuronide compounds by the DNS reagent.

Enzyme Assays

Preparation of Specific Reaction Mixtures

Polygalacturonase activity was measured on PGA purified by

repeated extractions with acidified ethanol (48, p. 116) containing

12.5 mg/1 of dithizone to remove metal contaminants. Following

extraction the anhydrogalacturonic acid (AGA) content was 98-100%.

Polygalacturonic acid was solubilized and adjusted to pH 5.0

with 1.0 N NaOH, then filtered through Whatman no. 1 paper. Two

and one-half ml of enzyme solution was mixed with 22.5 ml of purified
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substrate solution (final concentration 2% w/v) and incubated at 300

PATE activity was measured on purified PGA as was PG

except the final reaction mixture contained 1.0 mmole CaC12 and

25 mmoles tris-HC1 buffer (pH 8.0). The reaction mixture for

PMTE was similar to that for PATE except the substrate was pectin

at a final concentration of 1.0% (w/v).

Cup-Plate Assays

Polygalacturonase (30) and PE (54) activities were estimated

in rapid cup-plate assays on NaPP (Sunkist product no. 6024) and

pectin, respectively. The PE assay was modified by substituting

0. 75g of bromocresol purple for methyl red and by adding 0.2

mmoles of CaC1
2

to 200 ml of the reaction mixture. All cup plates

were incubated for 16 hours at 40o. Enzymatic activities were

expressed in relative units from standard curves in which zone

diameters were plotted against the log of enzyme concentrations

(30 mm zone = 1000 units).

Viscosity Reduction

Reductions in the viscosity of pectic substrates by enzy-

matic action was measured with a Brookfield model LVF visco-

meter using a U. L. adapter (80) and spindle speeds of 30 and

6 rev/min for the 2% PGA, and 1% pectin substrates, respectively.



31

Reaction mixtures were incubated at 30o, and six viscosity readings

were made during the course of each enzyme assay. Results were ex-

pressed as percentage viscosity reduction relative to the boiled en-

zyme or diluted substrate control. At the end of each experiment, the

reaction mixtures were boiled for ten minutes and stored at 5o before

being analyzed chromatographically for the products of enzymatic

hydrolysis.

Reducing Group Release

Release of reducing groups following hydrolytic and trans-

eliminative cleavage of a-1, 4 linkages of pectic substrates was deter-

mined in 2.0 ml aliquots of the reaction mixture by the above modifi-

cation of Somogyi's alkaline-copper method (83). Reaction mixtures

were incubated at 30o and periodically assayed for enzymatic activity

which was expressed as ilmoles of reducing groups [as anhydro-

galacturonic acid (AGA)] released per minute.

TLC of Reaction-Mixtures

Uronides through the tetramer arising by the enzymatic cleavage

of pectic substrates were determined by thin layer chromatography

(TLC) on MN-cellulose Powder 300 (Brinkmann Instruments Inc.) and

developed with sodium formate (60 mg) - formic acid (15 ml of 88%,

v/v) - ethanol (85 ml of 77% v/v) (65) for 90 minutes. Dried plates
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were sprayed with CD-1 chromogenic reagent (33) to detect mono-

galacturonic acid and the oligouronides.

Carbohydrate Determination

The uronide content of pectic substances used as enzyme sub-

strates was determined by the carbazole method (52) which was how-

ever, unsatisfactory for detecting uronides in enzyme fractions be-

cause of the interference from relatively high levels of salts and pro-

teins. The total carbohydrate content of these fractions was deter-

mined by the phenol-sulfuric acid method (95, p. 388-389).

Protein Determination

Protein was estimated by the method of Lowry et al. (49) using

bovine serum albumin (Sigma Chemical Co.) as a standard.
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Production of Pectolytic Enzymes

Growth and pH

33

F. oxysporum f. sp. lycopersici was grown on pectin, PGA,

or glucose in shake culture medium to determine the range of pecto-

lytic enzymes produced by this fungus. On all three substrates, near

maximum growth was obtained on the second or third day following

inoculation when the first measurements were made (Figure 3). The

fungal population remained relatively constant at slightly above 108

cells per ml in the pectin and glucose cultures, but on PGA the con-

centration of viable spores declined significantly after the ninth day

(Figure 3B).

Results with several fungal species have demonstrated an in-

fluence of culture pH on the type of pectolytic activity obtained (13).

On the three substrates used here, distinctly different pH curves

were obtained in the culture media (Figure 3). On pectin, after an

initial drop from 4.6 to 3.7, the pH gradually increased to 6.1 by the

17th day (Figure 3A). On PGA, the pH increased rapidly from 4.9

to 7.6 after inoculation then gradually increased to 8.4 by the 17th

day (Figure 3B). The pH of the glucose cultures increased through-

out the 17 days but never became basic (Figure 3C). The fact that
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culture filtrates of F. oxysporum f. sp. lycopersici maintained an

acid reaction in the pectin cultures was probably due to release of

acid groups from pectin through the action of PE.

Polygalacturonas e

PG was the major pectolytic enzyme detected in culture fil-

trates of F. oxysporum f. sp. lycopersici growing on pectin as the

sole carbon source (Figure 4). Enzymatic activity, as estimated by

the cup plate assay (Figure 4A1) followed closely the release of re-

ducing groups from a purified PGA substrate (Figure 4A2). In both

assays, maximum activity was obtained on the 9th day following

inoculation after which it declined. The ability of the enzymes in the

culture filtrates of various ages to reduce the viscosity of PGA,

however, was relatively constant from the 7th through the 17th day

(Figure 4A2).

Considerably less PG was produced on PGA than on pectin.

As estimated by the cup plate (Figure 4E1) and reducing group (Fig-

ure 4E2) assays, maximum activity was obtained in the youngest

cultures analyzed after which activity decreased through the 17th

day. As with pectin cultures, viscosity reduction assays indicated

a disproportionately high level of activity in the older (17 day) PGA

cultures (Figure 4E2).

The generally lower activity in PGA cultures may be due to



Figure 4. The effects of partial purification of the pectolytic enzymes
synthesized by F. oxysporum f. sp. lycopersici. A) pectin
culture filtrates, B) dialyzed pectin culture filtrates,
C) concentrated Enz fractions, D) concentrated Enz
fractions, E) PGA culture filtrates, and F) glucose cul-
ture filtrates. Cup plate activity expressed in PG11's/0. 1
ml; PG activity in p.moles of AGA/min and % V-R at 25
min; PMTE activity in panoles of AGA/min and % V-R at
25 min; PE activity in PEu's /0. 1 ml; protein concentra-
tion in µg /ml; and carbohydrate concentration in µg /ml.



300

200

100

6
2

I 160'

1301 11 I 1!

100101

Culture
Filtrate

Pectin
Deal
CF.

Enz

0
Enz'

0

co

a
0

a

2

160

130.

0

100
0.10
005 1.11

O ,000.e
800

600.1 1

1551 I 1 1 1 1

0
250

150

50

2500

E

1500

500-

a_

C
a)

1!)
L
a_

45

30-

15

45"

30'

15

0

0

0

0

ALI

0

1I

IA I Id I

0

0

0

PGA
Culture
Filtrate

0

I
0

36
Glucose

Culture
Filtrate

0

0

0

a

0

2 4 7 9 11 17 2 9 17 2 9 17 2 9 17 3 5 7 9 11 17 3 5 7 9 11 17

Number of days after inoculation



37

the instability of PG at the relatively high pH's attained in these cul-

tures. Similar results have been obtained by others (68, 101, p. 61-

80).

In glucose cultures, relatively weak PG activity was obtained,

and again production with time, as determined by cup plate assays

and release of reducing groups, was similar but viscosity reduction

indicated unusually high activity in the older culture filtrates (Figure

4F1 and F2).

Waggoner and Dimond (92) and others (7, 58, 67, 68) failed to

detect PG from F. oxysporum f. sp. lycopersici growing on glucose

medium, but more recently it has been noted on this substrate (70-

74).

Pectin Methyl Trans-Eliminase

On pectin much less PMTE was produced than PG (Figure 4A3),

and PMTE activity measured by viscosity reduction and reducing

group release was quite variable. In the PGA cultures (Figure 4E3),

PMTE activity was generally higher than that found in the pectin or

glucose (Figure 4F3) cultures. PMTE production was probably

favored by the relatively high pH in the PGA culture filtrates.

Mussell and Green (58) reported high PG production by F. oxysporum

f. sp. lycopersici growing on PGA, but this could have been PATE

or PMTE which they were measuring.
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Pectin Este rase

PE production on pectin medium increased until the 9th day

then remained constant through the 17th day (Figure 4A4). On the

PGA (Figure 4E4) and glucose (Figure 4F4) media relatively little

PE was produced.

Protein and Carbohydrate

Protein in the culture filtrates was significantly higher in cul-

tures grown on pectin and PGA (Figure 4A5 and E5) than in glucose

cultures (Figure 4F5). The higher protein levels in the PGA cul-

tures were not due to increased pectolytic enzyme production be-

cause these cultures demonstrated only limited pectic enzyme

activity.

Excluding the two day culture on pectin (Figure 4A6), the

carbohydrate levels in the culture filtrates from each substrate were

relatively constant during the experiment suggesting that the resi-

dual carbohydrate was unavailable for fungal growth. The relatively

high carbohydrate level in the two day cultures from pectin is prob-

ably unmetabolized pectin that was utilized by the 5th day when maxi-

mum growth was achieved.
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Partial Purification and Concentration of Pectolytic Enzymes
Produced by F. oxysporum f. sp. lycopersici

Culture filtrates of F. oxysporum f. sp. lycopersici growing

on pectin, PGA, and glucose media were partially purified by dialysis

against 0.01M acetate buffer (pH 4.0) and separated on CM-cellulose
-into Enz and Enz+ fractions.

PG activity in the pectin culture filtrate was little affected by

dialysis against the buffer (Figure 4B1 vs 4A1 and Figure 4B2 vs

4A2). As in the undialyzed filtrate, enzyme activity estimated by

the cup plate and reducing group assays was similar but the viscosity

reduction assay indicated disproportionately high activity in the 17 day

sample (Figure 4B2).

Dialysis at low temperature (5°C) gave results similar to those

at room temperature, but when dialysis was carried out against tap

water a significant loss of PG activity occurred (Table 1).

Dialysis against water has been used repeatedly in studies on

the pectolytic enzymes produced by F. oxysporum f. sp. lycopersici

(73, 88, 92, 101, p. 34-61). The results obtained here suggest,

however, that dialysis may have provided a highly selective treat-

ment of the mixture of enzymes present in the culture filtrate, and

undoubtedly confounded studies on enzyme production.

The carbohydrate content of the culture filtrate was reduced

only slightly by dialysis (Figure 4B6), suggesting that the
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carbohydrate was either of large molecular weight or small mole-

cules bound to protein.

Table 1. Effect of dialysis against water or buffer on polygalact-
uronase activity in the culture filtrate of F. oxysporum
f. sp. lycopersici.

Polygalacturonase activity unitsa
Culture filtrate Water dialyzed Buffer dialyzed b

Percent
Recovery

44 29 64
123 19 16

36 0 0

190 190 100
235 235 100
290 235 81

a Polygalacturonase activity expressed in relative units obtained
from a standard curve for the cup-plate assay in which zone dia-
meters were plotted against the log of the enzyme concentration,
( 30 mm zone = 1000 units)

b O. 01 M sodium acetate buffer (pH 4. 0).

Dialysis of the glucose culture filtrates against buffer caused

about a 10% loss of PG activity, and the enzymatic activity obtained

in the various assays failed to indicate a change in the mode of

action of the enzyme. PG activity in the PGA culture filtrates, how-

ever, was eliminated completely by dialysis; thus, further charac-

terization was impossible.

The dialyzed culture filtrates were separated into Enz+ and

Enz fractions by a batchwise technique on CM-cellulose. The
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fractions were de-salted by dialysis and concentrated by ultrafiltra-

tion in a Diaflo apparatus. In general, this treatment increased the

specific activity of the PG three fold in the Enz+ fractions but 40 to

60% of the total activity was lost. Most of the PG activity was in

the Enz+ fraction (Figure 4D1, D2), which contained about the same

level of protein as the Enz fraction but had considerably less car-

bohydrate (Figure 4D5, D6). Fractionation of the dialyzed glucose

culture filtrates gave the opposite results to those obtained with the

pectin cultures. Most of the enzymatic activity (95%) was in the

Enz along with the majority of the protein retained (93%)

and the carbohydrate (95%). In total, 60 to 80% of the PG activity

was lost but the specific activity was increased 1.2 fold for the Enz..

fraction but decreased for the Enz+ fractions.

The PMTE in pectin culture filtrates was generally reduced by

dialysis against acetate buffer at pH 4.0 (Figure 4B3), while all the

PMTE activity was lost from the PGA cultures. The PMTE activity

from glucose and pectin (Figure 4C3, D3) cultures was evenly divided

-between the Enz and Enz+ fractions but was extremely low.

The PE activity from the pectin cultures was slightly reduced

by dialysis against buffer (Figure 4B4). Following fractionation on

CM-cellulose, the PE activity was about evenly divided between the
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Enz.- and Enz+ fractions (Figure 4C4, D4). The PE activity in the

two day Enz- fraction was completely lost during the batchwise

separation on CM-cellulose.

Characterization of the Pectolytic Enzymes

Mode of Action of the Major Fractions

The PG produced by F. oxysporum f. sp. lycopersici on pectin

was classified as an endo enzyme, i.e. only about 2% of the total

a-1, 4 linkages were hydrolyzed at 20% reduction in the viscosity of

the substrate (Table 2). The mode of action of the endo-PG was not

altered during purification. However, the 17 day Enz+ fraction had

to hydrolyze significantly more a -1, 4 bonds to reach 20% viscosity

reduction.

These results agree with those obtained by Waggoner and

Dimond (92) and others (68, 70, 74). However, Young (101, p. 61-

80) suggested that F. oxysporum f. sp. lycopersici produced some

exo-PG based on results obtained from paper chromatographic

separation of hydrolysis products. The initial product of enzymatic

hydrolysis was monogalacturonic acid. This conclusion must be

questioned because a PG functioning in a truly random manner would

be expected to release monogalacturonic acid, as well as other olig-

mers. Young's (101, p. 61-80) viscosity reduction and reducing
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group data failed to confirm the presence of an exo-PG.

Table 2. The mode of action of polygalacturonase from cultures of
F. oxysporum f. sp. lycopersici growing on a pectin
medium.

Enzyme
Source

Age of
culture
(days)a

Polygalacturonase activity
min. required to

reduce the viscosity
of PGA 20%

Percent hydrolysis
of PGA at 20%

viscosity reduction

Culture 2 4.5 1.2
filtrate 9 2.5 1.7

17 3.2 1.5

Dialyzed 2 5.2 2.2
culture 9 3.5 1.9
filtrate 17 3.4 2.1

Enz- 9 12.0 2.7
17 7.8 1.9

Enz+ 9 2.4 1.2
17 9. 5 3.5

aNumber of days from inoculation to harvesting of the culture.

A trace of PG was detected in the PGA and glucose cultures

and, while the activity was low, the enzyme appeared to function in

a random (endo) manner as indicated by the relatively few bonds

(0.5 and 0.06%) hydrolyzed at 7. 5 and 9. 0% viscosity reduction

respectively. These results are in opposition to those

reported by Mussell and Green (58) in which they found maximum

endo-PG production on PGA and failed to detect PG in glucose
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cultures. However, Patil and Dimond (74) reported the production

of a significantly greater amount of endo-PG by F. oxysporum f. sp.

lycopersici growing on glucose than was detected in these experi-

ments (Table 4). Their results must be questioned, however, be-

cause activity measurement were based solely on viscosity reduction

assays employing NaPP which contains 30-40% nonuronide material

(48, p. 78-89). This could result in the detection of enzymes other

than PG that reduce the viscosity of a NaPP solution by hydrolyzing

the nonuronide moiety.

The PMTE produced by F. oxysporum f. sp. lycopersici grown

on pectin and PGA was designated as endo enzymes based on the fact

that about 1.0% of the a-1, 4 linkages were hydrolyzed at 20% visco-

sity reduction (Table 3). Thus, there were no detectable differences

in the mode of action for the PMTE produced on pectin and PGA by

this fungus.

Table 3. The mode of action of PMTE in the culture filtrate of F.
oxysporum f. sp. lycopersici growing on PGA and pectin
media.

PMTE activity
Age of Min. required to Percent hydrolysis

Enzyme culture reduce the viscosity of pectin at 20%
Source (days)a of pectin at 20% viscosity reduction

Culture filtrate 7 62.5 1.2
PGA medium 11 63.5 1.1

Culture filtrate 7 79 1.2
pectin medium 11 25 0. 9

a Number of days from inoculation to harvesting of the culture.
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The PMTE activity detected in enzyme fractions from the

glucose culture medium was characterized as endo-PMTE. How-

ever, the characterization was difficult because of the variability

experienced in the viscosity reduction and reducing group assays.

There appeared to be a shift toward an exo mode of action in the

Enz fractions from older cultures, but the low level of

activity in these fractions prevented their complete characterization.

An enzyme detected in the Enz and Enz+ fractions from glu-

cose cultures hydrolyzed NaPP, but had only limited activity on

PGA (Table 4). The action of this "pectolytic enzyme" on NaPP in

both the Enz and Enz+ fractions was of a random nature since it

hydrolyzed only 0. 1% of the available bonds at 20% viscosity reduc-

tion. The difference between this enzyme and PG was further docu-

mented by comparing their relative abilities to reduce the viscosity

of PGA and NaPP solutions (Table 5). The PG from a pectin cul-

ture was about seven fold more active on NaPP but 30 fold more

active on PGA than the enzyme from the glucose culture. The re-

duced activity on PGA demonstrated by the Enz and Enz+ fractions

obtained from the glucose cultures would coincide with a reduction

in PG activity, while the greater activity of these enzyme fractions

on NaPP would suggest the hydrolysis of the nonuronide bonds pres-

ent in the NaPP molecule.



46

Table 4. The mode of action of the pectolytic enzymes produced
by F. oxysporum f. sp. lycopersici growing on a glucose
medium.

Enzyme
Source

Pectolytic enzyme activity
min. required to re-
duce the viscosity of Percent hydrolysis
PGA 5% NaPP 20% PGA at 5%

vis, red.
NaPP at 20%
vis. red.

Culture
filtrate 13 0.02

Dial. C. F. 50 0.16

Enz 28 2, 7 0.16 0.1

Enz+ -
a 29, 7 a- -a 0.1

aEnzyme activity was too weak for accurate determination of visco-
sity reduction.

Table 5. Differential viscosity reduction of pectic substrates by
pectolytic enzymes produced on pectin and glucose cul-
tures by F. oxysporum f. sp. lycopersici.

Substrate for
enzyme production

Pectolytic enzyme activity of Enz fraction
min. required to

reduce the viscosity
of NaPP 70%

min. required to
reduce the viscosity

of PGA 5%

Pectin 3.8 1. 2

Glucose 29 30
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TLC of Enzyme-Reaction-Mixtures

TLC of reaction-mixtures of the various PG fractions pro-

duced by F. oxysporum f. sp. lycopersici on pectin, PGA, and glu-

cose further indicated the endo action of this enzyme. Mono, di,

tri, and tetragalacturonic acids, as well as larger oligmers were

present in all reaction-mixtures with enzymes produced on pectin.

The enzyme from PGA and glucose cultures produced primarily

oligmers larger than the tetramer.

The TLC of the pectin (pH 8.0) enzyme-reaction-mixtures

showed that the PMTE activity detected in the pectin, PGA, and

glucose cultures was due to endo enzymes as they failed to release

oligmers smaller than tetragalacturonic acid. The failure to detect

the unsaturated monomer or monogalacturonic acid in the PMTE

reaction-mixtures was probably the result of low enzyme activity,

as well as the inability to spot more than 10 F.J.1 of these reaction-

mixtures on the TLC plates.

When the NaPP enzyme-reaction-mixtures for both the glucose

Enz and Enz+ fractions were analyzed by TLC, they produced color

streaks atypical of galacturonic acid. The presence of a greyish

color indicated that aldohexoses had been released. The hydro-

lytic products larger than the tetramer in the NaPP-reaction-

mixtures were precipitated with 95% ethanol. The
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ethanol extract was evaporated to dryness, redissolved in distilled

water, spotted on TLC plates along with glucose, galactose, mono-,

di- and trigalacturonic acid, developed with a solvent system con-

taining pyridine-ethylacetate-acetic acid-water (5:5:1:3) (16, p.

204-205), and sprayed with 2-aminobiphenyl (CD-1) (33) chromo-

genic reagent.

The major carbohydrate released from the NaPP-reaction-

mixtures was an unidentified aldohexose that was probably either

glucose or galactose, but traces of mono- and digalacturonic acid

were also detected. Consequently, the "pectolytic enzyme" pro-

duced by F. oxysporum f. sp. lycopersici on glucose was probably

not PG, but an enzyme related to the a-L-arabinofuranosidase re-

ported by Gremli and Neukom (34). This arabinase hydrolyzed both

NaPP and pectin, while Narasaki (59) using a purified hemicellulase

detected glucose, galactose, fucose, and galacturonic acid as

some of the hydrolytic products released from a purified soybean

hemicellulose. These results suggest that the enzyme produced on

glucose by F. oxysporum f. sp. lycopersici as reported by Patil

and Dimond (74) is probably a mixture of enzymes and not just PG,

and it would also seem probable that the enzymes reported by Bateman

(10) and Winstead and McCombs (97) are related to hemicellulases.
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Column Chromatography of PG

The enzyme fractions obtained from the pectin cultures were

chromatographed on a Sephadex G-75 column to determine their

homogeneity and estimate their molecular weights (Figure 5A). The

culture filtrates (Figure 5A1) were characterized by the production

of two peaks of PG activity (e.g. four day C. F. ). The major peak

contained 90% of the activity and had a Kay (distribution coefficient of

the enzyme on the column) of 0.249, while the minor peak contained

3% of the total activity and had a Kay of 0.91. On the same column,

the dialyzed culture filtrate produced a shoulder and two peaks of

PG activity (Figure 5A2) in the four day fractions with Kay's of

0.0, 0.249, and 1.02. A shift in the chromatographic pattern of

the dialyzed enzyme fractions, as depicted by the 17 day fraction

(Figure 5A2), was evident by an increase in the number of peaks

with Kay's of 0.0, 0.249, 1.08, and 1.58. However, the major

portion of the PG activity was located in the second peak (Kay

0.249) for both the dialyzed fractions and culture filtrates (Figure

5A1).

The Enz- fractions from the pectin cultures exhibited a wide

distribution of molecular sizes which increased with the incubation

period of the cultures (Figure 5A3). The Enz fractions produced

three peaks containing PG activity with a definite shift toward larger



Figure 5. Characterization of the polygalacturonases obtained from the pectin and glucose time course
experiments by reverse flow Sephadex G-75 column chromatography with: A) enzyme
fractions from the pectin cultures (void volume = 57.6 ml) and B) enzyme fractions from
the glucose cultures (void volume = 55 ml). The numbers represent: 1) culture filtrate,
2) dialyzed culture filtrate, 3) enzyme-, and 4) enzyme+. The two day pectin and five
day glucose enzyme fractions =0-.0, while the 17 day pectin and 11 day glucose enzyme
fractions =0---0. PG activity was determined by the cup plate assay (30).
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molecular weights occurring in the 1.7 day Enz fraction as exem-

plified by Kay's of 0.249, 0.748, and 1.36 vs. Kay's of 0.0, 0.137,

and 0.858 for the four and 17 day Enz- fractions, respectively. The

major portion of the enzyme activity was located in the primary

peak (Kay = 0. 249) for the four day Enz while the second

peak (Kay = 0. 137) contained the majority of the PG activity from

the 17 day Enz

The Enz fractions obtained from the pectin cultures all pro-

duced single peaks (Figure 5A4) on Sephadex G-75 columns except for

the 17 day fractions. However, there was a decrease in the Kay's from

0.368 (four day) to 0.193 (17 day) for the major peak indicating an in-

crease in molecular weight with increasing incubation period.

The Sephadex G-75 chromatography of the early (three day)

PGA cultures produced a single peak of PG activity with a Kay of

0.32. However, with continued incubation (seven day) two peaks

were detected in the PGA culture filtrates with Kay's of 0.051 and

0. 254.

The results obtained from the Sephadex G-75 chromatography of

the glucose culture filtrates (Figure 5B1) indicated the presence of two

molecular species in these samples (e.g. five day) with Kay's of 0.378

and 0.709. The majority of the PG activity was located in the second

peak (Kay = 0.709). The estimated molecular weight of the PG in

these culture filtrates increased with increasing incubation time as



52

exemplified by the 11 day cultures (Figure 5B1). The shift in the

molecular weights for these two peaks were shown by the decrease

in Kay's of 0.203 to 0.378. The majority of the PG activity was

detected in the second peak (Kay = 0. 378) and was identical to the

results reported for the 11 day culture filtrate from pectin.

The dialyzed glucose culture filtrates produced two peaks of

PG activity on Sephadex. The molecular weights of the fractions

appeared to decrease with increased incubation time (Figure 5B2).

The five day sample had Kay's of 0.051 and 0.304 while the peaks

from the 11 day fraction had Kay's of 0.253 and 1.01. The majority

of the PG activity was located in the second peak or smaller molecu-

lar fractions while the reverse was true for the dialyzed pectin

cultures.

The number of peaks produced by the glucose Enz.- fractions

decreased after five days of incubation and this was also related to

a decrease in the amount of carbohydrate material associated with

the enzyme. The five day Enz.- fraction from the glucose cultures

produced five peaks (Kay's of O. 0, O. 051, 0, 304, 0. 709, and 1.12),

while the 11 day Enz fractions produced only three activity peaks

(Kay's of 0.0, 0.203, and 0.912) with an overall increase in molecu-

lar weight. The same phenomena was reported for the Enz frac-

tions obtained from the pectin cultures (Figure 5A3).

Although there was only a trace of PG activity in the glucose
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Enz+ fractions, they also produced two peaks on Sephadex chroma-

tography with Kay's of 0.378 and 1.16 (Figure 5B4). Similar re-

sults were obtained with the glucose culture filtrates, but the

majority of the PG activity in the Enz+ samples was located in the

first (Kay = 0.378) and not the second peak (Figure 5B1). The

glucose Enz+ fractions from the glucose cultures (Figure 5B4) also

differed from the Enz+ fractions obtained from the pectin cultures

(Figure 5A4), i.e. the early pectin fractions produced a single peak

of PG activity.

All of the enzyme fractions chromatographed on Sephadex

G-75 indicated that the molecular weights of the enzyme fractions

increased with the increasing age of the cultures with the exception

of the dialyzed glucose fractions. These results are contrary to

those of Akinrefon (1) who found the molecular weight of PG produced

by Phytophthora palmivora decreased as the incubation period in-

creased.

The actual detection of low molecular weight ( < 2, 000) enzyme

molecules during Sephadex G-75 chromatography of the pectin and

glucose enzyme fractions was substantiated by the detection of PG

in the filtrates that passed through the U.M. 2 Diaflo ultrafiltration

membrane which has a molecular weight cutoff of 1,000.

The PG present in the enzyme fractions obtained from the

pectin cultures were characterized by their gradient elution patterns
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from DEAE- and CM-cellulose ion-exchangers (Figure 6A and B).

The dialyzed pectin culture filtrates when chromatographed on

DEAE gave two peaks of PG activity (Figure 6A1). The first and

major peak was eluted with the void volume of the column (Figure

6A1) while the second peak or trailing shoulder was adsorbed,

When the Enz from the pectin cultures were chroma-

tographed on DEAE, the results showed two strong peaks for the

early fractions (two and four day) with three additional later peaks

being detected in the 17 day Enz (Figure 6A2). The initial

and major peak was eluted with the void volume while the later minor

peaks indicated the presence of an increasing amount of enzyme

that was adsorbed on the column. The production of peaks on DEAE

was proportional to the increasing incubation period of the cultures

(Figure 6A2) and the increasing carbohydrate concentration of the

Enz fractions from the pectin cultures (Figure 4C6).

The Enz+ fractions produced two peaks on DEAE (Figure 6A3)

with the majority of the PG activity being eluted with the void volume.

These chromatographic patterns were similar to those obtained for

the dialyzed culture filtrates (Figure 6A1).

The elution pattern of the dialyzed pectin culture filtrates on

CM-cellulose showed that two peaks were produced by the early

cultures (two and four day) while three peaks of PG activity were

detected in the 17 day fractions (Figure 6B1). The first peak was



Figure 6. Characterization of the polygalacturonases obtained from the pectin and glucose time course
experiments by gradient elution ion-exchange column chromatography with: A) DEAE,
pectin enzyme fractions; B) CM, pectin enzyme fractions; C) DEAE, glucose enzyme
fractions; and D) CM, glucose enzyme fractions. The numbers represent the stage of
purification with: 1) dialyzed culture filtrate, 2) enzyme , and 3) enzyme+ fractions.
PG activity was determined by the cup plate assay (30).



Pectin

DEAL CM

150-

90-

30-

sj
E

0.25-o

150-c

"t- 90-

<

A

A .-
$i

30-
? rf .---

1\
811`! 14 --- t I ------J , ...------

Cn
0.257 -,'a-4.....:-.-...................,_1- I -i----- "."--.--,_____.____i'l-N

a_
0 150-

90-

30-

0.2511 ,...,r
t t LI ,,

10 20 30 40 50 60 10 20 30 40 50 60

Fraction Number

40

3.0

20

1.0

40

30

2.0

10

40

30

2.0

1.0

Glucose

DEAL

e e

i

lk--11" -'-'

0 C)

5 10 20 5 10 20

09
07

05

03

01

09

07

05

03

01

09
07

05

03

01



56

eluted while the second and third peaks were adsorbed by the ex-

changer. The second peak contained the majority of the PG activity.

These results corroborate those reported for the DEAE dialyzed

pectin fractions (Figure 6A1), i.e. the majority of the PG in the

dialyzed pectin fractions was probably positively charged.

The results obtained from the CM-cellulose chromatography

of the Enz fractions from the pectin cultures (Figure 6B2) were

similar to the results reported for the dialyzed pectin fractions

(Figure 6 B1) .

When the Enz+ fractions from the pectin cultures were re-

chromatographed on CM-cellulose, two strong peaks which were ad-

sorbed were detected as expected, with the exception that a trace

(0. 4 %) of enzyme activity was eluted with the void volume from the

17 day Enz+ sample (Figure 6B3). The majority of the enzymatic

activity was detected in fractions from the adsorbed peak. Production

of additional peaks in the 17 day Enz+ fraction was correlated with

increased carbohydrate concentration of this fraction (Figure 4D6).

Chromatography of the dialyzed glucose fractions on DEAE-

cellulose resulted in the production of two peaks one of which was

eluted with the void volume while the other was adsorbed. The

majority of the activity was detected in the fraction that was eluted

with the void volume which is in contradiction to the results obtained

for the dialyzed pectin fractions (Figure 6A1).
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The Enz fractions obtained from the glucose cultures also

produced enzyme that was eluted with the void volume and produced

fractions that were adsorbed on DEAE. The eluted fraction contained

most of the PG activity (Figure 6C2). The production of a strong

eluted peak by the glucose Enz.- fractions corresponded to their car-

bohydrate concentrations. The DEAE chromatography of the Enz+

fractions from the glucose cultures revealed a single adsorbed peak

containing PG activity (Figure 6C3). However, the activity of these

fractions was so low that a peak in the void volume, if it existed,

could not have been detected.

The dialyzed (Figure 6D1) and Enz 6D2) fractions

from the glucose cultures produced several peaks on CM-cellulose.

The major portion of the PG activity was located in the adsorbed

peaks which contradicts the results obtained for both of these frac-

tions on DEAE (Figure 6C1 and C2).

The chromatography on CM-cellulose of the Enz+ fractions

obtained from the glucose cultures resulted in the production of a

single adsorbed peak (Figure 6D3) which corroborated the results

obtained by DEAE chromatography (Figure 6C3).

The amount of enzyme eluted with the void volume ion-exchange

chromatography and the number of peaks and shifts in molecular

weights produced on gel filtration column chromatography was

correlated with the increasing carbohydrate concentration and age
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of the enzyme fractions obtained from the pectin and glucose cultures.

The degree of polymerization of the carbohydrate associated with the

Enz+ fractions from the pectin cultures, as determined by the phenol-

sulfuric acid (95, p. 388-389) and reducing group assays as based

on galacturonic acid standard curves, was calculated to be a dimer

or trimer.
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DISCUSSION

In previous pectic enzyme work by Barash (8), Bateman (10-

12), Keen and Horton (46, 47), Patil and Dimond (70-74), Sherwood

(79), Swinburne and Corden (88), Waggoner and Dimond (92) and

Young (101), there has been a failure to use sufficiently purified

substrates in their reaction-mixtures. The commercially available

NaPP varies from 60 to 68% anhydro-galacturonic acid while com-

mercial PGA varies from 80 to 85% anhydro-galacturonic acid as

determined by the carbazole assay (52). It is unrealistic to try to

determine the mode of action of an enzyme using different substrates

at different concentrations especially since the NaPP is known to

contain polymers other than galacturonic acid (araban, glucans,

galactomanans, etc.) (48, P. 78-89), which could serve as substrates

for hemicellulases.

In this connection, Hancock (38) reports the use of two dif-

ferent substrates in determining the mode of action of polygalac-

turonases, i.e., NaPP for viscosity reduction analysis and a partially

purified PGA (commercial preparation) for the reducing group

assay.

Various researchers have used only one assay to characterize

PG, such as the viscosity reduction (66, 73, 74, 71, 71, 84, 85, 90,

94, 97, 100) or the reducing group assay (39, 40, 43, 44, 75, 79,



60

87, 103) while employing NaPP as the substrate. In these studies no

attempt was made to determine the percentage of substrate bonds

hydrolyzed at specific levels of viscosity reduction.

One point which needs to be made concerning the assay methods

used for characterizing PG deals with procedures used in the paper

or TLC chromatography of the hydrolytic products from enzyme

reaction-mixtures. The majority of the chromogenic reagents used

were not qualitative and failed to detect a variety of carbohydrates.

Some of these non-specific reagents are ammoniacal AgNO
3

(8, 9,

57), alkaline permanganate, bromophenol blue (6, 12, 53, 57, 88,

101, p. 24-28), and aniline phthalate (6, 37). Along with the fact

that these reagents are not specific, the Rf's obtained for the spots

on the chromatograms are also misleading since the presence of the

buffer salts in the reaction-mixtures retards the movement of the

breakdown products (102), thus, masking the presence of other

sugars which might be released from impure substrates. This

phenomenon was demonstrated by the detection of an aldohexose as the

major hydrolytic product in the NaPP-reaction-mixtures with the

"pectolytic enzyme" from F. oxysporum f. sp. lycopersici growing

on glucose medium.

In this regard, Narasaki (59), reported the hydrolytic pro-

ducts of a purified hemicellulose isolated from soybean cotyledons

to be galacturnoic acid, galactose, arabinose, rhamnose, glucose
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and fucose. Wood (98, p. 137-138) also mentions several instances

where hemicellulases have hydrolyzed their respective substrates

resulting in the production of glucose and other pentoses. Further-

more, Gremli and Neukom (34) reported the isolation of an a-L-

arabinofuranosidase which is capable of hydrolyzing NaPP and pectin.

This would also suggest that the enzymes isolated by Bateman (10)

and by Winstead and McCombs (97) which released glucose from

NaPP-reaction-mixtures may be hemicellulases.

Based on the above results, it is suggested that the majority

of the glucose induced pectolytic enzyme synthesis, which has been

reported in the literature (4, 8, 9, 53, 70, 72-74) where their res-

pective activities were determined using commercial NaPP, was

probably due to a mixture of enzymes primarily containing hemi-

cellulase activity. In addition, these results would support the con-

tention of Joslyn (13) that glucose or its polymers are interspersed

between the galacturonic acid polymers in NaPP.

All of the papers reviewed (40, 53, 59, 69, 93, 101, p. 22-24)

concerning the alkaline-copper method of reducing group determina-

tion, referred to one of two papers, either Nelson's (63) or Somogyi's

(83) as the method which was used for their reducing group assays.
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The above researchers failed to mention alterations or changes in

either Nelson's (63) or Somogyi's (83) original procedure during the

performance of the tests. Therefore, it must be assumed that the

procedures used in these papers were exactly the same as those re-

ported in the original papers (63, 83). As the results in Figure 1A-D

show, not only does the Ba(OH)2 precipitate the enzyme, but it also

results in the precipitation of large and small uronides, as well as

galacturonic acid. This precipitation results in a marked decrease

in reducing ends available for reaction, thereby, producing samples

with extremely low readings. This explains some of the differences

reported for results obtained with different assays.

The applicability of the DNS method as a means of determining

the mode of action of pectolytic enzymes by reducing group liberation

is severely questioned. The results presented in Figure 2 leave little

doubt that all of the pectic materials used in the DNS experiments

were degraded to smaller compounds when the reagents for the DNS

assay were added to the reaction mixtures. In fact, Kertesz (48,

p. 145) pointed out that the molecular weight for some pectic sub-

stances which have been determined by the DNS method were in the

range of 2500 to 8000, while other workers reported ranges of

20,000 to 300,000 for the same compounds with other reducing group

techniques. This decrease in molecular weight was undoubtedly the

result of substrate decomposition during the performance of the DNS
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test. This is further documented by the report of Barash (8) where

he found that 36% of the bonds in a NaPP-reaction-mixture were

hydrolyzed in 20 minutes using the DNS method for the reducing

group determination. He suggested that this was an exo-PG while

in reality he was undoubtedly measuring reagent degradation of his

substrate.

The data obtained for the enzyme fractions from the pectin

cultures by the cup plate (Figure 4A1 to DO, reducing group, and

viscosity reduction (Figure 4A2-D2) assays demonstrated a correla-

tion, with the exception of the results obtained from the 17 day

assays. This deviation in the 17 day fractions was undoubtedly due

to the increase in the specific activity and concomittant increase in

the endo activity of these fractions. The demonstration of this cor-

relation between the reducing group assays and cup plate assay justi-

fies the use of the cup plate assay as a reliable method of measuring

PG activity. However, these results differ from those reported by

Swinburne and Corden (88) who reported a correlation between the

cup plate assay and viscosity reduction assay, but not necessarily

with the reducing group assay. The discrepancy which exists in the

correlation between these assays may be explained from the stand-

point that the PG was synthesized by different fungi and may not be

the same enzyme or more probably because Swinburne and Corden

(88) used the DNS assay to measure PG activity.
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The PG produced by F. oxysporum f. sp. lycopersici chroma-

tographed, by gel filtration (Figure 5A), quite differently than was

reported by Swinburne and Gorden (89) despite the fact that they used

Sephadex G-200. Their results indicated the detection of two PG

peaks with molecular weights of approximately 200,000 and 50,000

while the data reported here for similar culture filtrates by gel fil-

tration (Sephadex G-75) resulted in the detection of two peaks of PG

activity, however, the molecular weights were 22,800 and < 2,000,

respectively. The results obtained by Swinburne and Corden (89)

may have been due in part to ion exchange since the concentration of

the buffer (0.01 M) elutant was insufficient to overcome the native

charge of the dextran. According to the manufacturer, buffer con-

centrations greater than 0.02 M are required to negate this charge.

The results reported here for the characterization of PG by

DEAE-cellulose column chromatography were similar to those re-

ported by Young (101, p. 34-61) and Swinburne and Corden (89),

i. e. 90% of the PG activity was eluted with the void volume while the

remainder of the activity was adsorbed to the exchanger. Further-

more, Swinburne and Corden reported that chromatography of the

dialyzed culture filtrate resulted in the production of a single adsorbed

peak on Duolite CS-101 (cation exchanger). The rechromatography of

this Duolite peak also resulted in the production of a single peak.

However, the results reported here showed a small peak eluted with
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the void volume and a large adsorbed peak for the dialyzed culture

filtrate (Figure 6B1) when chromatographed on CM-cellulose, but a

single adsorbed peak was detected on chromatography of the Enz+

fraction obtained from the CM-batchwise treatment. The detection

of a nonadsorbed peak of PG activity on CM columns from the pectin

culture filtrates was confirmed by the detection of an adsorbed peak

following DEAE column chromatography.

The number of peaks produced by PG fractions from the pectin

and glucose cultures on ion exchange chromatography was correlated

to the increasing carbohydrate concentration and age of any given

enzyme fraction. The number of peaks and shifts to larger molecu-

lar weights which these enzyme fractions produced on Sephadex G-75

columns was also found to be correlated to the increasing carbohy-

drate concentration and age of the cultures. Therefore, these re-

sults suggest that the alteration in the chromatographic pattern of

the PG reported by Swinburne and Corden (89) as due to the disassoci-

ation of an enzyme substrate complex could be achieved by the re-

moval of some of the carbohydrate associated with the enzyme. The

failure to detect an increase in the reducing groups in the enzyme

fractions during storage further documents the formation of a stable

enzyme- substrate complex.

Swinburne and Corden (88) also reported the alteration in the

mode of action of endo-PG, produced by Penicillium expansum, was
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due to a modification in the secondary or tertiary structure of the

enzyme during ion exchange chromatography. However, based on

the results reported here, it would seem that this increased activity

was probably due to the removal of some of the carbohydrate material

associated with the enzyme with a possible increase in the number of

binding sites. Furthermore, McClendon and Kreisher (51) attributed

the failure to effectively separate PG from other enzymes by a pH

gradient on a cellulose-phosphate column was due to the presence of

other (carbohydrate) compounds in their enzyme preparations. This

would also explain the inability to separate PE from PG reported

here and by Young (101, p. 34-61).
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SUMMARY

1. The results of the pectin, PGA, and glucose time course

studies showed that F. oxysporum f. sp. lycopersici produced

polygalacturonase, pectin methyl trans-eliminase and pectin

esterase but not polygalacturonate trans-eliminase on these

carbon sources. Pectin induced the maximum synthesis of PG

and PE. When PGA was used as the sole carbon source, the

major enzyme synthesized was PMTE with only trace amounts

of PG and PE being detected. Trace amounts of PG and PMTE

were produced on glucose, but more PE was produced on glu-

cose than on PGA.

Z. Using improved viscosity reduction, reducing group, and TLC

assays, the pectic enzymes isolated from the pectin, PGA, and

glucose cultures were characterized as being endo-PG and

endo-PMTE. The results obtained from the TLC of the PG-

reaction-mixtures indicated the preferential release of mono-

galacturonic acid which has been used as the criterion for the

determination of exo activity. However, this theory was re-

jected as only a small number of the available a-1,4 linkages

were hydrolyzed at high levels of viscosity reduction.

3. The use of the cup plate assay as a method of measuring PG

activity was established by showing that the results obtained

from this assay were directly related to the results obtained
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from the improved viscosity reduction and reducing group

assays.

4. The CM-cellulose batchwise purification showed that 90%

of the pectin endo-PG was adsorbed (Enz+) and represented

a 24-30 fold increase in specific activity. The majority of the

pectin produced PE activity was also found in the Enz+ fraction

while the majority of the small quantity of endo-PMTE which

remained following dialysis was found in the fractions eluted

(Enz) with the void volume. All of the pectolytic enzyme acti-

vity in the PGA culture filtrates was lost following dialysis

against acetate buffer (pH4.0). However, the majority of the endo-

PG present in the glucose cultures was found in the Enz fractions.

5. A heretofore undescribed enzyme was isolated from the glucose

cultures. This enzyme preferentially hydrolyzed NaPP, and

an unidentified aldohexose that was probably either glucose

or galactose was the major hydrolytic product present in these

enzyme-reaction-mixtures. It is suggested that this NaPP

hydrolyzing enzyme has been misclassified as a PG. It is

suggested that this enzyme is responsible for the pectolytic

enzyme activity reported in the literature for PG produced on

glucose media. This enzyme would appear to be related to

the hemicellulases.
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6. The chromatographic patterns obtained from the characteriza-

tion of the pectin, PGA, and glucose produced enzyme frac-

tions by gel filtration and ion exchange chromatography showed

a correlation with the amount of carbohydrate material remain-

ing attached to the enzymes. The molecular weight of the en-

zyme and the number of peaks produced on Sephadex G-75 and

ion-exchange columns increased with increasing carbohydrate

concentration and incubation period. Thus, the dialyzed and

Enz fractions normally produced more peaks on the Sephadex

G- 75 and ion exchange columns than did the culture filtrate

(only Sephadex) or the Enz fractions. The accurate determina-

tions of the molecular weight and ion exchange properties of

these enzyme fractions including the individual pectolytic

enzymes present in each fraction will not be achieved until this

attached carbohydrate material is removed or shown to be re-

quired for enzymatic activity.
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