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ABSTRACT
The fungus, Phymatotrichum omnivorum (Shear) Duggar,
is a major destructive plant pathogen in the southwestern
United States.

P. omnivorum is a dry root rot fungus which

penetrates and destroys the cortical tissue of a
dicotyledonous root.
It was demonstrated that P. omnivorum produced three
pectic enzymes under jin vitro conditions.

The pectic

enzymes identified were polyglucuronide lyase, pectinSince polyglucuronide lyase

esterase, and pectate lyase.

demonstrated a rapid decrease in viscosity accompanied with
a slow release of reducing groups it was considered a random
attacking enzyme (endo) while pectate lyase demonstrated a
slow reduction in viscosity and a rapid release of reducing
groups to suggest it as a terminal attacking enzyme (exo).
Polyglucuronide lyase and pectinesterase were found
to have a six and four fold increase in activity respectively,
after subjection to gel filtration and ion-exchange
chromatography.

The purity of these two enzymes was

analyzed on disc electrophoresis and each was found to have
one protein band.

However, pectate lyase exhibited a loss

of activity when subjected to the same purification treatment
as the other two pectic enzymes.
*

I
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van
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Polyglucuronide lyase, pectinesterase, and pectate
lyase were found to have pH optima of S.5, 5.5, and 5.5 and
temperature optima of 30°, 45°, and 40° C respectively.
The molecular weights of the pectic enzymes were
determined on a Sephadex G-100 column using gamma globulin,
serum albumin, ovalbumin, and cytochrome C as references.
The approximate molecular weights for polyglucuronide lyase,
pectinesterase, and pectate lyase were determined to be
about 125,000, 60,000, and 5,500 respectively.

INTRODUCTION AND LITERATURE REVIEW
Historical
The fungus, Phymatotrichum omnivorum (Shear) Duggar,
is a major destructive pathogen in the southwestern United
States.

This fungus causes root rot on more than 2000

dicotyledonous plant species, whereas, monocotyledonous
plants are considered to be immune (13).
Streets and Bloss (51) are reviewing among other
things the pathogenicity and economic losses contributed by
P. omnivorum.

Ezelciel and Dunlap (27) in 1939 estimated

that in Texas, P. omnivorum destroyed about 6% of the
potential cotton yield.

They observed lower yields in

allcaline and calcareous soils with moderate to heavy rainfall.
Starr (49) reported in 1955 that in Texas alone, the loss
from P. omnivorum was reliably calculated at $100 million
per year.

Another area of considerable destruction was the

Hautobampo and Mayo River areas of Mexico where some farmers
lost up to 10% of their cotton crop in 1958 (59).
Bloss and Gries (15) found that corn roots
(monocotyledons) infected under in vitro conditions showed
an increase in ascorbate-phenol oxidase activity, suggesting
this system may have a role in inactivating P. omnivorum
enzyme systems.

Later, another investigation showed that
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corn seedlings placed under field conditions were not
infected by P. omnivorum. presumably due to the microflora
populations in the soil (11).
Since P. omnivorum is a dry rot rather than a soft
or wilt rot fungus, there is doubt as to whether pectic
enzymes produced by this fungus are involved in the host*
pathogen relationship. Soft rot fungi produce sufficient
pectic enzymes which macerate parenchyma host cells to
allow the mycelium to penetrate Icilled cells and absorb the
nutrients.

Wilt fungi operate differently with three stages

of development:

(1) entry of vascular elements by penetra

tion from adjacent invaded tissues; (2) the pathogen grows
in and is confined to the vascular elements; and (3) the
pathogen may move out of vascular elements and breakdown
adjacent tissues (58).

Dry rot fungi such as P. omnivorum

are found to grow along the surface of the host before
penetration (55).
Milbrath (40) suggested that P. omnivorum uses an
enzymatic system to penetrate the epidermis and move
intercellularly by the middle lamella of the host.
Ceratocystis fimbriata (dry rot of sweet potato) was found
to produce two kinds of pectin depolymerase which helped
the mycelium penetrate the host both inter- and intra
cellular^ (54).

Sclerotinia fructiqena (dry rot of apple)
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was reported to produce polygalacturonase, pectinesterase
(20), and pectin trans-eliminase (17).
Definition of Pectic Substances
and Pectic Enzymes
Several extensive reviews have summarized the nature
of pectin substances and pectic enzymes (9, 23, 58).

The

definitions of pectin substances given here will follow
those of Goodman, Kiraly, and Zaitlin (30).

Pectin

substances are comprised of long polymeric chains consisting
of D-galacturonic acid units connected by GC-1,4 glycoside
linkages which are often associated in a yet unknown linkage
with arabinose and galactose.

The galacturonic acid polymers

are subdivided into three general groups according to chain
length and degree of methyl esterification as follows:
1.

Pectic acid, approximately 100 galacturonic acid
units, containing a large number of free carboxyl
groups which permit reaction with polyvalent cations,
thus linking, stabilizing and making less flexible
the neighboring uronide chains.

2.

Pectin, approximately 200 polygalacturonic units
with approximately 50-80 per cent of the carboxyl
groups esterified.

3.

Protopectin, approximately 1000-2000 units, where
the free carboxyl groups are esterified.
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Pectic acid occurs as a cementing agent in the middle lamella
between cell walls and protopectin occurs primarily in the
cell wall of parenchymatous and meristematic tissues {30,

60).
The classification of pectic enzymes has undergone
considerable flux and revision.

Domain and Phaff (22)

proposed that characteristic types of attack (endo and exo)
and substrate preference be utilized as major criteria, with
pH optimum and degree of hydrolyzed substrate used as minor
criteria for classification of pectic glycosidases.

Deuel

and Stutz (23) divided oC-1,4 glycosidases into three
classes based on terminal or random cleavage of the chain
and on enzyme activity related to degree of methylation of
pectin substrates:

(a) liquefying polygalacturonases

(random); (b) liquefying polymethylgalacturonases (random);
and (c) saccharifying polygalacturonases (terminal).

Bateman

and Millar (9) attempted further revision of pectic
glycosidase and lyase classification.
major criteria:

They utilized three

(a) the mechanism by which the o^—1,4

glycosidic bond is split (hydrolase or lyase cleavage);
(b) enzyme preference for a substrate (pectin or pectic
acid); and (c) position in the pectin chain at which
cleavage occurs (endo or exo point of attack).

Bateman and

Millar's (9) revised classification is given in detail in
Table 1.

The structure of pectin and pectic acid is given

in Figure 1.
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Table 1.

A.

Hydrolytic cleavage of theCK-1,4 glycosidic bonds
1.

2.

B.

Classification of Pectic Hydrolases and Lyases

Random mechanism of hydrolysis
a.

Pectin attacked

endo-polymethylgalacturonase

b.

Pectic acid attacked

endo-polygalacturonase

Terminal mechanism of hydrolysis
a.

Pectin attacked

e>:o-polymethylgalacturonase

b.

Pectic acid attacked

exo-polygalacturonase

Lyase cleavage of the OC-1,4 glycosidic bonds
1.

2.

Random mechanism of lyase attack
a.

Pectin attacked

endo-pectin lyase

b.

Pectic acid attacked

endo-pectate lyase

Terminal mechanism of lyase attack
a.

Pectin attacked

exo-pectin lyase

b.

Pectic acid attacked

exo-pectate lyase

6

H OH

H
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OH

M
Pectin and pectic acid residue structures (30)

Another important hydrolase is pectinesterase which
removes the esterified methyl groups from pectin by
hydrolysis.

Pectinesterase doesn't alter the pectin chain

length, but alters pectin solubility, reactivity and
predisposes pectin to degradation by the other pectindecomposing enzymes (30).
Lyases are enzymes which remove water from their
substrates leaving double bonds (or adding water to double
bonds) (24).

A lyase will cleave the linkage at C-4 and

simultaneously eliminates H from C-5 of pectin or pectic
acid (30).

A hydrolase is an enzyme that involves a cleaving

of one part of the substrate molecule by a water molecule
(24).

The nomenclature for the hydrolase and lyase enzymes

is given in Table 2.

Table 2. Pectic Enzyme Nomenclature (29)

Number

Systematic Name

Trivial Name

Reaction

3.1.1.11

Pectin pectyl-hydrolase

Pectinesterase

Pectih t- nH20 = n
Methanol -i- pectate

3.2.1.15

Poly-oC~lf 4-galacturonide
glycanohydrolase

Polygalacturonase

Hydrolyses G£-l,4-D-galacturonide links in
pectate.

4.2.99.3

Poly-eC-l#4-D-galacturonide lyase

Pectate lyase

Eliminates ^-4,5-D-galacturonate residues from
pectate (depolynerization) *

4.2.99.5

Poly-1t4-D-glucuronide
lyase

Polyglucuronide
lyase
(pectin lyase)

Eliminates A-4,5-Dglucuronate residues from
polysaccharides con
taining 1,4 linked Dglucuronate (depolymerization)
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Purification Methods of Pec-tic Enzymes
Early investigations of pectic enzymes were under
taken with crude purification procedures.

Winstead and

Wallcer (57) used cheese cloth filtration and centrifugation
to purify pectinesterase and polygalacturonase obtained
from several pathogens.

This was the accepted pattern in

phytopathology at that time.

Another method tried was

precipitation with 66% alcohol on pectinesterase and
polygalacturonase extract of Fusarium oxysporum f.
lycopersici (31).
Recently, more sophisticated purification procedures
have been used in pectic enzyme investigations.

Mill and

Tuttobello (41) separated endo-polygalacturonase from
Aspergillus niger by using carboxymethylcellulose
chromatography.

Endo (26) separated two endo-

polygalacturonases from Coniothyrium diplodiella cells with
DEAE cellulose and Duolite H-2 chromatography.
Albersheim and Killias (1) used a more involved
system which included both DEAE cellulose and Sephadex G-75
columns to purify a commercial pectin trans-eliminase.
Edstrom and Phaff (25) purified pectin trans-eliminase from
the culture filtrate of Aspergillus fonsecaeus with DEAE
cellulose, while using calcium pectate and phosphate gel to
inhibit polygalacturonase and pectinesterase activity.
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Rexova-Benkova and Slezarilc (46) obtained homogeneous yields
of polygalacturonase, polymethygalacturonase, and pectinesterase from Aspergillus niqer by using ammonium sulfate
fractionation, gel filtration with Sephadex G-25, and column
chromatography with DEAE cellulose.

Bush and Codner (16)

used a similar method substituting ECTEOLA for DEAE
cellulose and obtained a 145 fold increase in pectin transeliminase activity from Penicillium dicritatum.
Barash (6) used carboxymethylcellulose to purify
polygalacturonase produced by Geotrichum candidum.

Ayers,

Papavizas and Lumsden (5) purified endo-polygalacturonase
from Aphanomyces euteiches 30 fold by using only ammonium
sulphate fractionation and gel filtration with Sephadex
G-100.

To date, investigations undertaken with these more

elaborate purification procedures have been done primarily
on iji vitro enzyme systems rather than on in vivo enzyme
systems.
Methods of Assaying Pectic Enzymes
There are several methods involved in assaying the
various pectic enzymes.

Pectinesterase activity is

determined by titration in which the carboxyl groups are
titrated with sodium hydroxide.

Pectinesterase is a

specific enzyme that saponifies almost exclusively ester
groups on the pectin chain.

However, the chain is not

completely deesterified, probably, because the enzyme
proceeds in only one direction on the chain (23).
Polygalacturonase and polymethylgalacturonase
activity is determined by two methods.

The Fenske-Ostwald

viscometer (10) is an instrument that determines the degree
of viscosity reduction pectin substances when hydrolases
cleave- the 0£~1,4 glycosidic linkages of the pectin or
pectic acid polymer into mono- and oligogalacturonic acid
units (23).

The other method utilizes the increase in

aldehyde groups (-CH0) after hydrolysis, which can be
determined with the dinitrosalicylic acid test (42 )#
hypoiodate test (34), or Nelson test (43).
The methods used to assay lyase enzymes include the
viscometric, a reducing group test, and the thiobarbituric
acid test.

The thiobarbiturate reacts after cleavage of

the 4 and 5 carbon bond on the galacturonic acid unit and can
be read at 230 and 235

for pectate and polyglucuronide

lyase respectively (50).

The last test is the most

convenient assay test for lyase enzyme determination.
The prefixes endo and exo are used to indicate
where the reaction occurs on the pectin polymer chain.

If

there is a rapid decrease in viscosity accompanied by a slow
rate of release of reducing groups, a random splitting of
the pectin polymer chain is suggested.

However, a slow
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decrease an viscosity accompanied with a rapid increase in
reducing groups would suggest a terminal attack of the
pectin polymer chain (9).
Characterization of Pectic Enzymes
Molecular Weight
At the present time there is little information on
the determination of molecular weights of pectic enzymes.
However, Rexova-Benkova and Slezarik (47) reported, on the
basis of sedimentation, diffusion- constants, and a
theoretical value for partial specific volume that the
molecular weight for endo-polygalacturonase of Aspergillus
niger was approximately 35,000.

Later, Barash reported

that the molecular weights of intra and extra-cellular
polygalacturonases were between 15,000 and 55,000.

He

determined this on a Sephadex G-200 column with blue dextran,
bovine serum albumin and cytochrome C as his reference
markers (6).
Temperature and pl-l Conditions
A large number of fungi have been assayed for pectic
enzymes under in vivo and in vitro conditions at different
values of pH and temperature.

Unfortunately, many of these

investigations were determined with crude enzyme
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preparations.

However, this review will be primarily

concerned with in vitro studies including some optimum pH
and temperature determinations with unpurified preparations.
The optimum pH studies reported in the literature
for polygalacturonase activity were found to vary from 3.5
to 6.0.

Aspergillus niger (45) and Geotrichum candidum (7)

produced endo-polygalacturonase with pH optima of 3.5-4.0
and 4.5-5.0.

The polygalacturonase optimum pH of a number

of fungi such as Rhizoctonia solani (4), Aspergillus
terreus (19), Coniothyrium diplodiella (26), Ceratocystis
fimbriata (54). Cladiosporium circumcrimum (33), Fusarium
solani f. phaseoli (8), and Fusarium solani (44) were found
to be 5, 5, 4-4.5, 5.8, 6, 6, and 6 respectively.

Also, it

was found that Botrytis alii. B. cincerea. and B. squamosa
have an optimum pH of 4,5 (32).
The reported optimum pH for fungal lyase enzymes
was found to vary just as the polygalacturonase enzymes did.
Edstrora and Phaff (25) found calcium ions stimulated pectin
trans-eliminase of Aspergillus fonsecaeus to have an optimum
pH of 8,5.

Sherwood (48) reported similar results with an

optimum pH of 8.2 for the same enzyme produced by
Rhizoctonia solani; however, Penicillium digitatum and P.
italicum were found to have the greatest pectin trans-
eliminase activity at pH 5.5 (16).

Also, it has been shown
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that Fusarium oxysporum f. pisi. P. oxysporum f. vasinfectum.
P. solani f. pisi (44), P. solani f. phaseoli (8),
Thielaviopsis basicola (53) produced polygalacturonate
trans-eliminase that had greatest activity at 9.4, 9.4, 9.9,
8.5, and 9.0 respectively.

Calcium ions stimulated the

trans-eliminase activity of the Fusarium spp.
Chandra and Tandom (19) reported that pectinesterase
produced by Aspergillus terreus had the greatest activity at
pH 5.5f and 30° C, while Rexova-Benkova and Slezarik (46)
reported the same enzyme produced by Aspergillus niger had
the greatest activity at a pH of 5.0.

Three Botrytis spp.

(32) and Corticium rolfsii (35) were reported to have the
greatest pectinesterase activity at a pH of 5.5, and 4.5
respectively while Fusarium vasinfectum showed pectin
esterase activity at 33° C and pH 6.2 (36).

Another

investigation on Gibberella zea. Fusarium moniliforme.
Diplodia zeae. and a Trichoderma sp. indicated that maximum
pectinesterase activity varied from a pH of 5 to 8 (18).
Pectic Enzymes of Phymatotrichum
omnivorum
Bloss (14) has determined pectic enzyme activity of
Phymatotrichum omnivorum.

Two P. omnivorum isolates were

grown on bran and citrus albedo.

Bloss found that I?.

omnivorum produced pectinesterase and depolymerase, but no

14
polygalacturonase.

Citrus albedo increased pectinesterase

activity almost to twice that of bran; however, he did not
continue the investigation (14).

Black (12) reported that

two pectolytic depolymerase enzymes were found when P.
omnivorum was grown on a sucrose-pectin based medium.

The

sodium polypectate and pectin depolymerases when incubated
at 30° C had the greatest enzyme activity after 14 and 16
days growth in culture, while the pll optima were 6.1 and
7.9, respectively.

Also, Black (12) achieved a four fold

concentration of the pectin depolymerase enzyme with an
80% ammonium sulfate fractionation, but didn't recover the
sodium polypectate depolymerase enzyme in any of the
fractions.
Objectives of This Investigation
The objectives of this investigation were to
isolate and identify pectic enzymes produced by P. omnivorum
under in vitro conditions.

These objectives included:

(1) employment of purification techniques to obtain purified
pectic enzymes; and (2) characterization of the physical
properties (temperature and pH optima and molecular weights)

MATERIALS AND METHODS
Isolate Source
Phymatotrichum omnivorum isolate No. 1 was used in
this investigation.

This isolate was obtained from diseased

cotton roots at the Marana Farm (University of Arizona) in
1962 and was maintained in the Plant Pathology Department
stock culture collection.
Culture Media and Growth
Conditions for Fungus
The fungus was maintained on medium No. 70 of
Ezelciel, Taubenhaus, and Fudge, (2S) buffered to a pH of
5.5.

This medium is composed of : 40g glucose, 0.75 g

MgS04-7H20, 1.35 g K2HP04, 0.15 g KClf 1.18 g HH4ST03, 11 mg
ZnS04*7H20, 9 mg Fe2(SC>4)gf 7.7 mg MnSO^-E^O, and 20 g agar
per liter.

The medium used for maintenance of the fungus

for assay purposes was slightly modified by substituting 15
g (1.5%) pectin (Sunkist Growers, Inc.) for glucose as the
sole carbon source and deleting agar.

This medium was

buffered to a pH of 6.4,
Fifty ml aliquots of medium containing pectin were
dispensed into 150 mm by 20 mm Kimax Petri plates which had
been previously autoclaved 10 minutes at 15 psi.
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The medium
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containing pectin was then autoclaved 10 minutes at 10-11
psi.

The No. 70 medium was autoclaved 15 minutes at 15 psi.

The Petri plates containing x^ectin medium were inoculated
with 11 mm diameter mycelial plugs from stock cultures.
The stock and assay cultures were grown in darkness at 27°
C for 17 days in a Thelco Model G growth chamber.
Procedures for Purification
Initial Procedures
The cultures were ground 30 sec in a 1 L Model 1042
Waring blender (Waring Co. Winstead, Conn.) followed by
centrifugation (Lourdes "Beta Fuge" Model A-2) of the
culture filtrate for 15 min at 6000 rpm.

The supernatant

\*as dialyzed at 5° C against continuous flowing distilled
water for 20 hours.

The dialyzed enzyme preparation was

placed in 1000 ml or 500 ml Thermovac freeze-diry containers
at one-fifth capacity.

They were shelled in a Thermovac

sheller at -20° C, then placed on a Thermovac lyophilizer
for approximately 12 hours.

The powdered crude enzyme

mixture was stored in a refrigerator at 1° C until used
for further purification.
Procedures for Sephadex Column
The procedures were similar to those used by
Andrews (3) in which 11 g of Sephadex G-10 were allowed to
swell in 600 ml of TRIS-HC1 buffer (pH 7.5) for 3 days,

17
then washed several times to remove the fine grains.

The

Sephadex laboratory column {type K 25/45, size 2.5 cm x 45
cm) was packed to a height of 39 cm and gave a flow rate of
25-32 ml per hour.

A Gilson fraction collector was used to

collect 2.5 ml samples.

Six-hundred mg of crude lyophilized

enzyme were dissolved in 6 ml of water.

One-half g of

sucrose was added to the preparation, so that the preparation
would not diffuse in the buffer solution when applied on
top of the packed column.
The Sephadex G-100 column was used to determine
molecular weights of pectic enzymes.

Gamma globulin bovine

fraction II (3, 56), crystallized bovine serum albumin (3,
37, 56), 3X crystallized albumin ovalbumin (37, 56), and
cytochrome C (37, 56) were used as references.

These

reference proteins were obtained from Nutritional Biochemical
Company, Cleveland, Ohio.
Procedures for DEAE Ion-Exchancre Chromatography
{This procedure was modified from that of Albersheim
and Killias (1), Edstrom and Phaff (25), and Rexova-Benkova
and Slezarik (46).

DEAE Sephadex A-50 (Pharmacia, Uppsala,

Sweden) was washed with 500 ml of 0.5 M sodium hydroxide
followed with 4 volumes of distilled water, then washed with
500 ml 0.5 M hydrochloric acid followed with 4 more volumes
of distilled water.

The column was packed to a height of

18
25 cm in a 2.5 x 45 cm Sephadex laboratory column.

Then

the column was equilibrated with 300 ml of TRIS-I-ICl {pl-I 7.0).
•t

A

sodium chloride linear gradient between 0.1 M - 0.5 H

was used plus an electric powered pump (Dayton gear head
motor) to maintain an even flow rate.

Si:c ml samples were

collected from a Gilson fraction collecter.

After 3 crude

enzyme preparations were passed through the initial Sephadex
G-100 column, the fractions containing pectinesterase and
polyglucuronide lyase were combined and eluted from the
column.

Fractions containing pectate lyase were eluted

from the ion-exchange column separately.
Assay Methods for Pectic Enzymes
General
The optimum pH conditions for the purified enzymes
were determined first.

Then optimum temperature conditions

were determined using the optimum pl-I value.
A test mixture containing enzyme boiled for 10
minutes was used as the control.

The difference between

the heated and active enzyme was used to determine the
amount of activity present.

This was done for all enzyme

assays.
Pectinesterase
One ml (15 mg/ml) of purified enzyme, 2 ml of 1.5^
pectin, and 0.5 ml of pl-I 5.5 buffer (0.25 M I^HPO^ and
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0.25 H citric acid) were used in the test mixture.

After 3

hours incubation the test mixture \i?as titrated with 0.1 M
sodium hydroxide to a pl-l of 7.0 using a pH meter.

The

activity was determined as specific activity, (titration
units/min/mg of protein).
Polycflucuronide lyase
One ml (5 rog/ml) of purified enzyme, 2 ml of 1.5%
pectin, and 0.5 ml of pl-l 8.5 buffer (2.8 M TRIS and 1 M
HC1) were used for the following 3 tests.
a.

Starr & Koran Test (50).

After 2 hours incubation,

0.8 ml of test mixture was diluted with an equal
amount of water.

Using the control test mixture as

reference, absorption readings were made at 235 mjj.
on a Beclcman DU spectrophotometer equipped with a
Gilford digital readout.
b.

Thiobarbituric Acid Tost (2, 8).

after 3 hours

incubation, 1 ml of test mixture was added to 0.3
ml of 0.025 IT periodic acid in 0.125 N sulfuric
acid and retained 1 hour at room temperature.

Then

0.5 ml of 2% sodium arsenite in 0.5 H hydrochloric
acid was added to the test mixture and shaken.

Then

2 ml of 0.3% thiobarbituric acid were added to the
test mixture before capping the tubes with aluminum
foil.

The tubes were placed in a boiling water bath
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for 10 minutes, removed, and cooled for determination
at 548 mjj, absorption.
c.

Kelson Reacrent Test (43).

After 24 hours incubation,

1 ml of test mixture was added to 1 ml of solution
C which consisted of 25 parts of solution A and 1
part of solution B.

Solution A consisted of 25 g

anhydrous sodium carbonate, 25 g potassium sodium
tartrate, 25 g sodium hydrogen carbonate, and 200 g
anhydrous sodium sulfate per liter.

Solution B

consisted of 15% cupric sulfate pentahydrate in
water acidified with 3% concentrated sulfuric acid.
The test mixture was heated for 10 minutes in boiling
water then cooled to room temperature.

One ml of

solution D was added to the test mixture.

Solution

D consisted of 25 g ammonium molybdate, 21 ml of
96% concentrated sulfuric acid and 3 g sodium

monohydrogen orthoarsenate heptahydrate per 500 ml,
then incubated 24 hours at 37° C.

The test mixture

was shaken before adding 7 ml of water and shaken
again, then left at room temperature for 15-20
minutes before reading at 500 mp absorption.
The activity for these 3 tests was determined as
specific activity (absorption units/min/mg of protein).
The viscometer test measurements were determined
with a size 300 Fenske-Ostwald viscometer.

The test mixture
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contained 1 ml (15 mg/ml) of purified enzyme, 3 ml of 1.5%
pectin, and 0.5 ml of pH 8.5 buffer (2.8 M TRIS and 1 M
HC1).

Readings were made at zero time when test mixtures

were placed in viscometers and readings were made inter
mittently there after.

The activity was determined as

specific activity (reduction in viscosity units/min/mg of
protein).
Pectate lyase
One ml (10 mg/ml) of purified enzyme, 3 ml of 1.5%
sodium polypectate, and 0.5 ml of pH 5.5 buffer (2.8 M TRIS
and 0.25 M citric acid) were used for the viscometer, Starr
and Moran, and ITelson reagent tests.

The only other

difference from the polyglucuronide lyase assay tests was
the Starr and Koran test was read at 230 mji absorption
after the test mixture incubated 20 hours.
Miscellaneous Procedures
I
The glassware used for the assay tests was washed
in soap and water, rinsed in tapwater, and rinsed 3 times
in distilled water.
The pH determinations of the test mixtures were
determined on a Corning Model 12 pH meter and then placed in
Acme Model Ko. 4-030-42 water baths for the appropriate
temperature condition.
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Protein values were determined by using the Lowry
test (39).

The procedures were as follows:

one ml of

protein solution was added to 5 ml of solution A (50 ml of
2% sodium carbonate in 0.1 M sodium hydroxide and 1 ml

0.5% CuSO^*5H20 in 1% sodium potassium tartrate) which was
mixed well and allowed to stand 10 minutes at room tempera
ture.

One-half ml of solution B (Folin-Ciocalteu reagent

diluted to a 1 N acid) was added rapidly to test mixture
and allowed to stand at room temperature for 30 minutes
before determination at 500

Crystalline bovine serum

albumin was used as the protein reference.
The Davis method of disc electrophoresis (21) v;as
used to determine the purity of the enzymes.

The small

pore solution consisted of 1 part of solution A (48 ml 1 N
HClf 36.6 g TRIS (2-amino-2--(hydro::y-methyl)-l,3-propanediol), 0.23 ml TEMED, (17,H,!!1 ,1-7'-tetramethylethylenediamine), PI20 to 100 ml) 2 parts of solution C (36.0 g .
acrylamide, 0.945 g BIS (17,17'-metliylenebisacrylamide), to
100 ml of H2O) 1 part of water, and 5 parts of ammonium
persulfate (0.14 g/100 ml).

The large pore solution

consisted of 1 part of solution B (48.0 ml 1 N HC1, 5.9 g
TRIS, 0.46 ml TEMED, H20 to 100 ml), 2 parts of solution D
(10.0 g acrylamide, 2.5 g BIS, H20 to 100 ml), 1 part of
solution E (4.0 mg rivoflavin, H20 to 100 ml), and 4 parts

of solution F (40 mg sucrose, I^O to 100 ml).

Two and one-

half ml of small pore solution was used per gel and placed
under florescent lights 45 min to polymerize.. Then 0.4 ml
of large pore solution was placed on top of the small pore
gel and placed under florescent lights 15 min.

One mg of

purified enzyme in solution was placed on the gel and run
90 min at *2 milliampers per tube at pH 8.3 buffer (0.05 M
TRIS and 0.38 M glycine used at 1/10 strength).

Then the

gels viere placed in a fixative stain solution (1 g aminoSchwartz and 7% glacial acetic acid in 100 ml
min.

for 15

The gels v/ere then destained 18 hours v/ith 7% glacial

acetic acid.

RESULTS
Purification of Pectic Enzymes
Preliminary investigations with crude culture
filtrates of Phymatotrichum omnivorum indicated three
pectic enzymes were present.

The procedures used in the

preliminary investigation were as follows:

(1) carboscyl

groups titrated with 0.1 M NaOH to determine the presence
of pectinesterase; (2) Starr and Moran test with absorption
at 235 mji to determine the presence of polyglucuronide
lyase; and (3) Nelson test to determine the presence of
sodium polypectate depolymerase.
Isolation of Pectic Enzymes
More elaborate purification procedures were
employed to characterize the identified pectic enzymes
(Figure 2).

The first major step in the purification

procedure was eluting the pectic enzymes from a Sephadex
G-100 column with TRIS-HCl buffer at a pH of 7.5.

Figure 3

and Table 2 indicate the order in which these enzymes were
eluted from the Sephadex G-100 column.

Polyglucuronide

lyase was first, followed by pectinesterase and pectate
lyase; however, there was overlapping between polyglucuron
ide lyase and pectinesterase.
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The greatest activity was
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Cultures
maceration with V7aring blender

Filtered thru cheesecloth
centrifugation 6000 rpm, 15 min.

Precipitate
(discarded)

Supernatant
dialysis 20 hr»,
lyophilized
Sediment
dissolved in water

Solution
Sephadex G-100, elution
with TRIS-HC1 pH 7.5
Solution
DEAE Ion-Exchange
(Sephadex G-50) salt
gradient 0.1 M - 0.5 M NaCl
Solution
dialysis 20 hr.,
lyophilized
Purified Enzyme

Fig. 2. Scheme for Purification of Pectic Enzymes of
Phymatotrichum omnivorum
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found in fractions 30-40, 41-51, and 65-85 (2.5 ml/fraction)
for polyglucuronide lyase , pectinesterase, and pectate lyase
respectively.
Fractions 30-40, and 41 -52 colle cted from the
Sephadex G-100 column containing pectinestera se and
polyglucuronide lyase we re combined and added to the
Sephade:=-.:: l\-50 DEAE ion-ex chunge column.

The enzymes

~vere

eluted with a sodium chloride linear gradient (0.1- 0.5 M).
However, Sephadex G-100 fr a ctions 65-85 conta ining pectnte
lyase were not added to the DEAE ion-ex change column a nd
elu·ted sinul·taneously Hi·th the o·ther Sephadex frac·tions
containing pectic enzymes.

This was due to the fact that

pectate lyase and pectinesterase overlapped on the DEAE ionexchange column.

The order the pectic enzymes were eluted

I

from the DEAE ion-exchange column was different than the
order from the Sephadex G-100 column.
Figure 4 and Table 3 demonstrate the ord.c r in which
the pectic enzymes came off the DEAE ion-exchange column.
Pectate lyase was first, followed by pectinesterase and
polyglucuronide lyase.

Fractions 35-55, 53-66, and 80-105

were collected for assay studies containing pectate lyase,
pectinesterase, and polyglucuronide lyase respectively.
Protein Content of Enzyme PreP a rations
The protein content in the . crude mixture and in
each purified enzyme preparation was determined by the

-H-+++

Polyglucuronide lyase (0. D. Readings at 235 mji)
Pectate lyase (0. D. Readings at 500 inji)
Pectinesterase (titration method)
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Fig. 4.

Sephadex A-50 DEAE Ion-Exchange Column Elution
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Table 3.

Column Fractions Containing Pectic Enzymes
Sepliadex G-100

Polyglucuronide lyasea
Fract.
No.
25
30
35
38
40
42
45

O.D.
readings
at 235 mji
.185
.325
.635
.570
.535
.540
.315

Pectinesterase*3
ml 0.1
M NaOH
titrated

Fract.
No.
39
41
43
45
47
49
51
53

Pectate lyase0
Fract.
No.

.04
.06
.10
.18
.16
.14
.10
.02

65
70
75
76
78
80
82
85

O.D.
readings
at 500 nip
.165
.270
.520
.660
.440
.290
.170
.100

Sephadex A-50 DEAE Ion-Exchange
c
Pectate lyase
Fract. O.D.
No. readings
at 500 mji
31-2
35-6
39-40
43-4
47-8
51-2
55-6
59-60

a

.180
.190
.360
.440
.290
.200
.170
.180

Id

Pectinesterase

Polyglucuronide lyase

Fract.
No.

ml 0.1
M NaOH
titrated

Fract.
No.

.09
.17
.25
.19
.00

73-4
77-8
81-2
85-6
89-90
93-4
97-8
101-2
105-6
109-110

53-4
57-8
61-2
65-6
69-70

s.

O.D.
readings
at 235 rnja
.180
.180
.290
.230
.220
.400
.370
.205
.260
.100

Relat. activity-one ml enzyme prep, 2 ml of 1.5% pectin,
and 0.5 ml of pH 8.5 buffer (TRIS-HCl) incubated 2 hr. 30°c.

y.

Relat. activity-one ml enzyme prep, 2 ml of 1.5% pectin,
and 0.5 ml of pH 5.5 buffer (K^IPCK-citric acid)
incubated 16 hr. at 45 C.
Relat. activity-one ml enzyme prep, 2 ml 1.5% Na polypectate, and 0.5 nil of pH 5.5 buffer (TRIS-citric acid)
incubated 24 hr at 40 C.
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Lowry method.

The results from the Lowry method are

expressed as pg of protein per mg of crude or purified
enzyme preparation.

When polyglucuronide lyase and pectin-

esterase were subjected to the purification scheme described
-in Figure 2, the results in Table 5 indicate that polyglucuronide lyase has forty-five per cent more protein per
mg than the crude mixture.

The purified protein of

pectinesterase indicated thirty per cent more protein per
mg over that of the crude mixture while purified pectate
lyase exhibited a fifty per cent decrease in protein per
mg than the crude mixture.
After the Lowry determinations were completed, a
preliminary micro Kjeldahl determination was determined.
The results indicated a small increase in protein values
over that of the Lowry method.
The purified enzymes were then subjected to gel
electrophoresis.

One protein band was obtained for poly-

glucuronide lyase and pectinesterase; however, pectate lyase
had two bands.

polyglucuronide lyase

pectinesterase

pectate lyase
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Degree of Purification of Pectic Enzymes
The results in Table 4 indicate the degree of purity
of the pectic enzymes.

The crude enzyme preparation of

polyglucuronide lyase contained 12.1 units of activity/mg of
protein compared to the purified enzyme with 71.8 units of
activity/mg of protein.

Thus, the purification increased

the enzyme activity of polyglucuronide lyase six fold.
The crude preparation of pectinesterase contained
34 units of activity/mg of protein.

The gel filtration and

DEAE ion-exchange purified enzyme contained 136 units of
activity/mg of protein, increasing the activity of the
purified enzyme over that of the crude enzyme four fold.
Pectate lyase, the last enzyme characterized showed a loss of
activity upon purification.

However, good data were

obtained for determination of the optima pH and temperature
conditions before confronted with implications explained in
the discission.
Specific Activity of Pectic Enzymes
The specific activity for polyglucuronide lyase
and pectate lyase was determined by viscometry, Nelson test,
and Starr and Moran test.

Figure 5 indicates that poly

glucuronide lyase has a 0,3% reduction in viscosity units/
min/mg of protein v/hile pectate lyase has 0.27^ reduction in
viscosity units/min/mg of protein.

When the specific
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Table 4.

Specific Activity Related to Degree of
Purification of Pectic Enzymes

Method of
Purification

Polyglucuronide
lyasea

Pectinesterase^

Pectate
lyasec

crude enzyme

12.1

34

18.4

Sephadeic G-100
and
DEAE ion-exchange

71.8

136

2.25

a

Readings at 235 mji, 0.040 absorptivity units/mg of protein,
incubated 2 hr,
b
—3
ml of 0.1 M ISaOl-I, 2.2 3; 10~ titration units/mg of protein,
incubated 3 hr.

° Readings at 500 raja, 0.008 absorptivity units/rag of protein,
incubated 8 hr.

Table 5.

Lowry Test for Pectic Enzyme Proteina

Method of
Purification

Polyglucuronide
lyase

Pectinesterase

Pectate
lyase

crude enzyme

53

53

53

Sephadex G-100
and
DEAE ion-exchange

77

69c

25d

Expressed as p g of protein/mg of crude or purified enzyme
preparations protein values based on the average of three
determinations.
b

62-88

c

66-72

d

22-30
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Table 6.

Specific Activity of Polyglucuronide Lyase

Viscometer Test
Time

Starr and Moran Test

Per cent reduction
in viscosity
12
18
27
32
35
38
42
44

2
4
6
S
10
12
14
16

Time

O.D. Readings
at 235

5
10
15
25
35
45
55
75

.100
.135
.210
.380
.530
.660
.715
.755

.800

40

o

.600

30

-—0.3% reduction in
viscosity units/
min/mg of protein

20

.400

t)
*
H
(D
tu
Qj
H*
a
iQ
(0
&>
(+

10

—0.040 absorptivity
units/min/mg of
protein

++++15
Fig. 5.

.200

min

Specific Activity of Polyglucuronide Lyase

t\>
10
U1
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activity of polyglucuronide lyase is determined by the Starr
and Moran method, it has 0.04 absorptivity units/min/mg of
protein while pectate lyase has 0.008 absorptivity units/min/
mg of protein when determined by the Nelson test.
The specific activity of pectinesterase was
determined by the alkaline titration method where sodium
hydroxide was titrated against carboxylate groups of the
galacturonate units (Table 7).

Figure 6 indicates that the

rate of removal of methanol groups to form carboxyl groups
was 0.0022 ml titration units/min/mg of protein.
Characterization of Pectic Enzymes
pH and Temperature Optima of Enzymes
Each of the three purified pectic enzymes of
Phymatotrichum omnivorum identified under in vitro studies
was characterized for optimum pH and temperature conditions.
Preliminary optimum temperature conditions were determined
to be 30°, 40°, and 45° C for polyglucuronide lyase, pectate
lyase, and pectinesterase respectively.

The optimum pH for

each enzyme was then determined followed by final optimum
temperature determinations.
Pectinesterase.

The results in Figure 8 and Table 9

demonstrate that purified pectinesterase had the greatest
specific activity at a pH of 5.5 and at a temperature of
45° C.

There was good activity between a pH of 4.5 and 6.0,
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Table 7.

Specific Activity of PectinestGrase
Titration Method
ml 0.1 N NaOII

Time
30 min

.06

60

.13

90
120

.18
.22

.20

tJ
o
+»
•p
•H
+»
B
!§
SI .10
»

o

2.2 x 10
titration
units/min/rag of protein

mm
Pig. 6.

Specific Activity of Pectinesterase

\
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Table 8.

Specific Activity of Pectate Lyase

Viscometer Test
Time

4 min
9
14
19
24
29
37
39
44

Nelson Test

Per cent reduction
in viscosity

*

Time

6
14
19
23
26
28
33
35
36

O.D. Readings
at 500 rnja

30 rain
60
180
300

__

.570
1.170
1.350
1.320

^

/

40i
f

0.08 absorptivity units/ 1.200
min/mg of protein
.900

.600

.300

- 0 , 2 7 % reduction in
viscosity units/min/
mg of protein

10
60
Fig. 7.
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whereas, the temperature range for reasonably good activity
was between 35° to 45° C before a rapid decrease in activity
Polycrlucuronide Lyase.

The results in Figure 9 and

Tables 10-13 demonstrate that purified polyglucuronide lyase
had the greatest specific activity at a pl-l of 8,5 and a
temperature of 30°C.

Four different assay procedures were

used to determine the optimum pll and temperature conditions
for polyglucuronide lyase.

These procedures all demon

strated uniformity in obtaining the optima.pH of 8.5 and
temperature of 30° C.

The Starr and Moran and viscometer

tests demonstrated good enzyme activity between pH 7-9.5
while the thiobarbituric acid assay demonstrated a shorter
range of enzyme activity between pH 7-9.
gave a poor range of enzyme activity.

The Nelson assay

The results of each

of the assay procedures demonstrated good enzyme activity .
over the temperature range investigated, with higher enzyme
activity at the lower end of the temperature ranges, except
the results from the Nelson assay demonstrated a decrease
in enzyme activity at these temperatures.
Pectate Lyase.

The results in Figure 10 and Table

14 demonstrate that purified pectate lyase has the greatest
specific activity at a pH of 5.5 and at a temperature of
40° C.

Three assay procedures were used to investigate the

optimum pH and temperature conditions of pectate lyase.

The

results demonstrate that all three procedures give similar
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Table 9.

pH

pH and Temperature Conditions for Pectinesterase

2.2 x 10
titration
units/min

4.5
5.0
5.5
6
6.5

ml

Temperature

45
73
118
73
18

C

2.2 x 10"
titration
units/min

30
35
40
45
50
55

ml
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54
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Table 10.

pH

O.D. Readings at
Temperature
235 mp 0.04
absorptivity units/
min/mg of protein
20
30.8
45.8
66.5
73
57
35.5
19.7

6.5
7
7.5
8
8.5
9
9.5
10

Table 11.

pH

6.5
7
7.5
8
8.5
9
9.5

pl-l and Temperature Conditions for Polyglucuronide
Lyase (Starr and Koran Test)

C

20
25
30
35
40
45
50

O.D. Readings at
235 mji 0.04
absorptivity units/
min/mg of protein
43
51.8
61.2
55
38.2
25
23.7

pH and Temperature Conditions for Polyglucuronide
Lyase (Thiobarbituric Acid Test)

O.D. Readings at
Temperature
548 mja 0.04
absorptivity units/
min/mg of protein
4.2
6
6.5
7
7.3
6
3

20
25
30
35
40
45
50

C

O.D. Readings at
548 mja 0.04
absorptivity units/
min/mg of protein
6.5
6.8
7.6
6.5
5.3
4.9
4.4
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Table 12.

pH

0.04 absorptivity
units/min/mg of
protein

6.5
7
7.5
8
8.5
9
9.5
10

*

Table 13.

PH

7
7.5
8
8.5
9
9.5

pll and Temperature Conditions for Polyglucuronide
Lyase (ITelson Test)

0
0
0
0
8.Q
4
1
0

Temperature °C

20
25
30
35
40
45
50

0.04 absorptivity
units/min/mg of
protein
1.8
5.4
8.8
7.0
5.6
4
2.3

pH and Temperature Conditions for Polyglucuronide
Lyase (Viscometer Test)

0.3% reduction in
viscosity units/
mg of protein
60
60
94
144
113
76

Temperature °C

20
25
30
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0.3% reduction in
viscosity units/
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Table 14.

pH and Temperature Conditions for Pectate Lyase

Starr and Moran Method
0.008 absorptivity
units/min/mg of protein
nil
4.5
5
5.5
6
6.5
7
8

Kelson Method
0.006 absorp
tivity units/
rain/mg of
protein

Viscoinetric Method
0.27% reduction in
viscosity units/rain/
ng of protein
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results with good enzyme activity between pH 4.5-6.5 and
over a temperature range from 30° to 45° C except with the
Starr and Moran assay which has a good temperature range
from 35° to 45° C.
Another factor of significance was the slow rate of
0.21% reduction in viscosity units per minute per ing of

purified enzyme and accompanied by the large increase in
reducing groups on the pectin polymer chain, suggesting
that this enzyme attacks the terminal end of the polyt

galacturonic acid chain.

In comparison, polyglucuronide

lyase had a 0.3% reduction in viscosity units per minute per
me of purified enzyme.

However, polyglucuronic lyase had

a much lower reduction, of aldehyde groups on the
galacturonate unit, suggesting that this enzyme attacks the
pectin polymer chain at random.
Molecular Weights of Pectic Enzymes
The molecular weights of the pectic enzymes were
determined with Sephadex G-100.

The void volume was

determined v/ith blue de;:tran and the protein references
used were bovine gamma globulin, bovine serum albumin,
ovalbumin, and cytochrome C.

Three other protein references

(pepsin, lysozyme, and insulin) were used, but did not
elute satisfactorily from the Sephadex G-100 column under
the conditions used to determine the molecular weights.
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Five nig/ml of each reference protein and 25 nig/ml of
each purified enzyme were added separately to the Sephadex
G-100

column.

Table 15 indicates blue dextran (void volume)

gamma globulin (mol. wt. 150,000), serum albumin (mol. wt.
70,000), ovalbumin (mol. wt. 45,000), and cytochrome C
(mol. wt. 13,000) eluted from the Sephadex column had
maximum protein readings at fractions 30, 34, 39, 45, and
59 respectively.

The locations of the pectic enzymes

eluted from the Sephadex G-100 column were determined by
assaying for their activity.

The Starr and Moran, titration

and Nelson methods wore used to determine polyglucuronide
lyase, pectinesterase, and pectate lyase locations on the
Sephadex column.

The maximum activity for polyglucuronide

lyase, pectinesterase, and pectate lyase were obtained in
fractions 36, 42, and 74 respectively.

Tlhen the pectic

enzymes were compared with the reference proteins in
Figure 11, the approximate molecular weights for poly
glucuronide lyase, pectinesterase, and pectate lyase were
suggested to be 125,000, 60,000, and 5,500 respectively.

Table 15.

Molecular Weight Determinations

Protein

Fract.
ITo.

Gamma globulin
150,000 mol. wt.
*

Dovine serum
albumin
70,000 mol. wt.

32
33
34
35
36

O.I). Readings
at 280 raji

.560
.740
.780
.690
.565

*

37
38
39
40
42

.220
.265
.230
.265
.170

*

42
44
45
46
47

.130
.235
.238
.220
.188

*

59
61
62
63
65

.460
.510
.'530
.490
.340

Pectic Enzyme

Polyglucuronide
lyase

Pectinesterase

Pectate lyase
Bovine oval
bumin
45,000 mol. wt.

Cytochrome C
13,000 mol. wt.

* Represents fraction with maximum O.D. reading
* Represents fraction with maximum enzyme activity

Fract.
Ho.

34
35
* 36
37

O.D. Readings
at 235 and
500 m)i
.400
.340
.600
.280

39

41
* 42
43
45

114
.17
.12
.10

72
73
* 74
75
78

,330
.360
.460
.420
.305
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Reference protein
1.
2.
3.
4.

Gamma globulin
Serum albumin
Ovalbumin
Cytochrome C
Fig. 11.

JL.
80
40
50
60
70
Fraction ITumber {2.5 ml)
Pectic Enzyme
l-lol. Weight

150,000
70,000
45,000
13,000

a. polyglucuronide
lyase
b. pectinesterase
c. i>ectate lyase

Molecular Weights of Pectic Enzymes

DISCUSSION
This investigation has demonstrated that
Phymatotrichum omnivorum produces three pectic enzymes in
vitro which have been identified as polyglucuronide lyase,
pectinest6rase, and pectate lyase.

Black (12) reported

earlier that P. omnivorum produced pectin and sodium polypectate depolymerases under in vitro conditions.

The only

method he used to determine the presence of pectic enzymes
was the viscometric method.

He did not investigate the

specific type of pectic enzymes involved.
This investigation of P. omnivorum follows numerous
reports on pectic enzyme production by other fungi under
either or both in vivo and in vitro conditions.

However,

increased attention has been focused on more elaborate
purification methods for pectic enzymes, although this
type of investigation is still limited in phytopathologic
studies.
The order in which the pectic enzymes in this
investigation came off the DEAE ion-exchange column was
similar to that reported by Rexova-Benkova and Slezarik (46).
They reported that polygalacturonase, pectinesterase, and
polymethylgalacturonase were eluted in this respective
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order.

Although polygalacturonase and polymethylgalacturon-

ase are hydrolases, the lyases in this investigation are
somewhat similar in that they require the same substrates
as the respective hydrolases.

Pectate lyase required an

approximate 0.12 M for elution while pectinesterase required
0.22 M and polyglucuronide lyase 0.4 M sodium chloride; this
is similar to the enzymes reported by Rexova-Benlcova and
SlezariTc (46).
One major drawback in the use of DEAE ion-exchange
chromatography accompanied with a salt gradient is the
removal of salt from the purified enzyme samples.

Dialysis

against distilled water removed the greater share of the
salt, but not all of it.

When the purified enzyme

preparation was eluted through Sephadex G-100 again, for
desalting, additional salt was removed.

Rexova-Benlcova and

Slezarik (46) and Alberslieim and Killias (1) reported that
the purified enzyme eluted through DEAE cellulose with a
salt gradient could be desalted by eluting their purified
enzyme through Sephadex G-25 or 75 while Edstrom and Phaff
(25) dialyzed their purified enzyme against 0.1 M sodium
acetate buffer before assaying.
Another factor was that the ion-exchange
chromatography column appeared to become saturated with
impurities from enzyme preparations passed through the
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column for purification until toward the end of this
investigation the yields were low and the activity very weak.
Since pectate lyase was the last enzyme assayed this could
be a possible reason for the low protein values obtained.
When the purified enzymes in this investigation
were placed on disc electrophoresis one protein band was
observed in each enzyme preparation except pectate lyase,
where two were found.
Edstrom and Phaff (25) reported in their investi
gation on the purification of pectin trans-eliminase from
Aspergillus fonsecaeus that the protein values were too
low to give reliable results with the methods employed.
The methods they used were ultraviolet light absorption
at 280 mu, Lowry method, and micro Kjeldahl.

They found

there could be a great amount of variation between these
methods.

The Lowry method indicated a 40 fold purification

while the Kjeldahl procedure indicated a 140 fold purifica
tion.

Although the Lowry method is not completely

accurate, because the tyrosine and tryptophan content of
the enzyme under investigation may vary, it is still the
most widely accepted method for determining specific
activities of pectic enzymes.
The characterization of the optimum pH and tempera
ture conditions for the lyase enzymes was achieved with
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several methods, all of which gave the same optimal
conditions.

The optimum pl-l and temperature conditions for

polyglucuronide lyase were found to be 0.5 and 30°c, which
is similar to the results obtained from Aspergillus
fonsecaeus by Edstrom and Phaff (25) and from Rhizoctonia
solani by Sherwood (48).
The optimum pH and temperature conditions for
pectate lyase were found to be 5.5 and 40° C by three assay
methods.

This differs from the optimum pH conditions

reported by Bateman (8) and Papavizas and Ayers (44) for
calcium ion stimulated pectic enzymes from Fusarium spp.
from which the optimum pH varied from 8.5-9.9.
The optimum pH and temperature conditions for
pectinesterase were found to be 5.5 and 45° C.

The optimum

pH from other investigations vary from 4.5 to 8 (18, 19, 32,
35, 36).

The pectic enzymes reported in the literature

from other fungi, which have the same enzyme nomenclature
as the enzymes in this investigation, did not have their
optimum temperature conditions determined.

In some

instances the temperatures at which the enzyme experiments
were determined were not stated.
The molecular weights of polyglucuronide lyase,
pectinesterase and pectate lyase were determined on
Sephadex G-100.

They were estimated to be 125,000, 60,000,

and 5,500 respectively.
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One of the problems encountered with gel filtration
was the aggregating or the dissociation of the reference
proteins when eluted from the Sephadex column.

Several of

the reference proteins (pepsin, lysozyme, and insulin) used
in this investigation appeared to aggregate into dimers or
derivatives thereof, thus making these proteins unreliable
for reference points.

Insulin was reported to form dimers

in acid solutions, while at a pH of 7.0 the predominant
species was a hexamer (38).

Also it was found that if cyto

chrome C was stored any length of time, it would aggregate,
readily when eluted through gel filtration with Sephadex
G-100.
Swinburne and Corden (52) reported a dissociation
and recombination of a polygalacturonase complex during ionexchange chromatography.

When the culture filtrate

containing polygalacturonase was eluted from a Sephadex
G-200 column, there was dissociation into two distinct
components.

The first component contained the large

molecules (14%) while the second component contained the
smaller molecules (86^).

When the polygalacturonase was

passed through a DSAE ion-exchange column before eluting
on a Sephadex G-200 column, there were again two distinct
bands, but this time the first component containing the
large particles had only l/£ of the total polygalacturonase.
They interpreted the loss of the large enzyme particles as
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a dissociation of a complex between polygalacturonase,
substrate molecules, or other materials from culture
filtrate, or fragmentation of polygalacturonase into active
enzyme subunits.

When the main polygalacturonase component

from the culture filtrate was eluted from a Duolite CS-101
column and then applied to a Sephade;: G-200 column, a
continuous broad band was obtained after the void volume,
with no pealcs of activity corresponding to those of culture
filtrate or the DEAE ccllulose column.

Swinburne and

Corden (52) suggested this was a recombination of poly
galacturonase into complexes with particles of varying size.
The recombination was thought to be a result of association
of enzyme molecules or subunits forming a series of iso
enzymes or the completing of the enzyme with other molecules,
such as pectin substrate carried along in the filtrate.
The two lyases identified in this investigation
were determined to be terminal and random splitting pectic
enzymes.

This was determined by the rapid decrease in

viscosity and reducing groups of the svibstrate chain.

This

investigation demonstrated that polyglucuronide lyase gave
a rapid reduction in viscosity and a slow release of
reducing groups from the substrate chain indicating it was
a random attacking enzyme.

Pect^te lyase gave a slow

reduction in viscosity and a rapid release of reducing
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groups from the substrate chain, which indicated a terminal
attack.
The pectic enzymes identified and ch a r a cterized
were part of an overall project to investigate
Phymatotrichum o mnivorum in a host-parasite relationship.
The author raised the question as to vlhether pectic enzymes
are an integral part of the attack by P. omnivorum on
dicotyledonous hosts.

Sof·t rot fungi are kno,,ll1 to produce

various pectic enzymes that degrade the pectin in the middle
lamella and then macerate the parenchyma host cells allo't·l ing
the mycelium to penetrate the killed host cells, causing a
soft watery decayed host.

However, P. omnivorum is a dry

rot fungus which penetrates and destroys the cortical
tissue of a dicotyledonous root, leaving only a dry cortical
macerated root.

This suggests that pectic enzymes are not

involved with this organism.

However, reports that dry rot

fungi Ceratocystis fimbriata (54) and Sclerotinia

fru~tj~ena

(20) produce pectic enzymes on susceptible hosts indicates
that P. omnivorum could also produce pectic enzymes under
similar conditions.

In vivo studies of P. omnivorum on

infected Pima cotton roots indicated higher polyglucuronide
lyase and pectinesterase than on healthy cotton roots grown
in field conditions (55).

The amount of P. ornnivorum

mycelia present on diseased cotton roots under in vivo

I
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conditions was less in proportion to the amount present
under in vitro conditions.
Bateman and Millar (9) reviewed the question of
whether pectic enzymes are an integral part of the hostpathogen relationship.

They stated "there is plenty of

circumstantial evidence that pectic enzymes are involved in
pathogenesis, but experimental proof that the pathogenicity
of a given organism is a function of its ability to produce
pectic enzymes is lacking".

Pectic enzymes are only one of

a number of factors that are involved in phytopathogenic
diseases.

In order to resolve this phenomenon each factor

will have to be purified, analyzed separately and together
in various complexes to understand the role of pathogenesis.

SUMMARY
It was demonstrated that Phymatotrichum omnivorum
produced three pectic enzymes under in vitro conditions.
The pectic enzymes identified were polyglucuronide lyase,
pectinesterase, and pectate lyase.

Since polyglucuronide

lyase demonstrated a rapid decrease in viscosity accompanied
with a slow release of reducing groups it was considered
a random attacking enzyme (endo) while pectate lyase
demonstrated a slow reduction in viscosity and a rapid
release of reducing groups to suggest it is a terminal
attacking enzyme (exo).
Polyglucuronide lyase and pectinesterase were
found to have a six and four fold increase in activity
respectively after subjection to gel filtration and ionexchange chromatography.

The purity of these two enzymes

was analyzed on disc electrophoresis and each was found to
have one protein band.

However, pectate lyase exhibited a

loss of activity when subjected to the same treatment as
the other two pectic enzymes.
Polyglucuronide lyase, pectinesterase, and pectate
lyase were found to have optima pH of 8.5, 5.5, and 5.5 and
temperatures of 30°, 45°, and 40°C respectively.
56

Using gel
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filtration with Sephadex G-100 the approximate molecular
weights for these pectic enzymes were determined to be about
125,000, 60,000, and 5,500 for polyglucuronide lyase,
pectinesterase, and pectate lyase respectively.
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