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This paper describes an atternpt to ascertain the enzylne 8ys-

tem responsible for melanin forrnation in a rnelanin-and-microscle-

rotia-forming strain of Verticilliurn albo-atrurn Reinke and Berth.

Previous work showed that near-UV radiation (3ZOO-4OOO 81 infriUits

rnelanin synthesis and rnicrosclerotia developrnent in this strain and

that catechol alrnost wholly reverses this inhibition. During the

present study, additional chernicals were tested in living cultures.

Only one of these, hydroquinone, alrnost consistently reversed the

effects of near-UV, and it did so to a much lesser extent than did

catechol. Chemicals which failed to induce the pigrnent forrnation

include: aniline, ascorbic acid, chlorogenic acid, p-cresol, dopa,

gallic acid, phenylalanine, p-phenylenediamine, pyrogallol, resor-

cinol, shikirnic acid and tyrosine. Atternpts to dernonstrate

Redacted for Privacy



phenolase activity in extracts and whole cells revealed either weak

activity or none. Manornetric tests for phenolase dernonstrated activ-

ity in potato and rnushroom but littte phenolase activity in Verticil-

lium. A modified purpurogallin test indicated the presence of per-

oxidase activity in Verticillium extracts. Vfiththis inforrnation an

assay for the catechol-oxidizing-systern was developed. It involved

rnixing I.0 ml of 0. I M Tris-HCl buffer, pH7.2, and 0.9 mI of dis-

tilled water with 0. 4 rnL of t M H2O2, 0.4 rnl of I0-I M catechol and

0.2 rn1 of 10-3 M Mrr*Z in ^ 
test tube, bringing the reaction rnixture

to 3ooC, then adding O. I mI of cell-f ree extract and incubating for

ten rninutes rnore. The O. D. of the dark red-brown pigrnent formed

was rneasured at 490 mu. The systern was saturated with each vari-

able cornponent to find the optirnum concentration for the maxirnum

reaction rate. Mg+Z and Ca*Z stirnulated the reaction about one-half

as much as Mn*Z. Other cations tested include: Co*Z, CulZ, Fe*?,

Ni*Z, and, Zn*z. Substrates oxidized by the cell-free systern include:

catechol, dopa, p-phenylenediarnine and pyrogallol. It is concluded

that the erlzyrr.e responsible for rnelanin forrnation in Verticilliurn is

likely a peroxidase.
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CHARACTEzuSTICS OF THE ENZYME SYSTEM
RESPONSIBLE FOR MELANIN FORMATION

IN VERTICILLIUM

INTRODUCTION

Verticilliurn wilt causes over $3,000,000 in crop losses an-

nually in Oregon. Farrners have difficulty controlling this soil-borne

fungus pathogen because it produces rnicrosclerotia, which resist

chemicals and rernain viable under conditions that are letha1 to the

hyphae and spores (37). The microsclerotia form a black pigrnent

which is considered a type of rnelanin (3).

Since a strong correlation exists between rnelanin synthesis

and rnicrosclerotia development (3, 71, W. H. Brandt ProPosed a

study of melanin synthesis as part of an investigation on rnicrosclero-

tia forrnation. Melanin synthesis occurs widely among anirnals and

plants, and enzyrnes of the phenolase group generally initiate rnelanin

formation. Other enzyrne systems that presurnably could oxidize

phenolic substrates to dark pigments are: cytochrorne oxidase, lac-

case, and peroxidase.

Melanin synthesis as well as microsclerotia forrnation is in-

hibited by near-ultraviolet radiation (3200-4000 8l ttl. Catechol will

reverse this inhibition (Brandt, unpub. ). Manganese increases pig-

ment forrnation in the dark but will not reverse the pigrnent inhibition

by near-UV (6).
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This is a report of research directed toward ascertaining

sorne of the characteristics of the enzyme systern responsible for

rnelanin formation in Verticillium albo-atrurn Reinke and Berth. The

approach was twofold: to deterrnine what substrates other than

catechol can induce rnelanin synthesis in spite of near-UV radiation,

and secondly, to determine sorne of the characteristics of the oxida-

tive system in crude, ce11-free extracts.



LITERATURE REVIEW

Relation of otul

Becker (3) and Brandt (7) have noted the high correlation of

rnelanin synthesis and microsclerotia forrnation in Verticillium-, and

Isaac (16, p. 138) has alluded to the same correlation. Hirsch (I2,

13, t4l, Westergaard and Hirsch (44), and Barbsgaard and Wagner (2)

have all docurnented the strong correlation between rnelanin synthesis

and the formation of functional protoperithecia in Neurospora crassa.

Environmental factors that affect one also directly affect the other.

Horowitz, et aI. (15), described tyrosinase induction in a tyrosinase-

deficient, non-pigrnented strain of N. crassa. This strain does not

ordinarily forrn functional protoperithecia. Incorporation of tyro-

sinase inducers into the rnediurn did not stimulate protoperithecia

formation, but blackening of the rnyceliurn (presurnably by rnelanin)

occurred.

Enzyrnes capable of initiating rnelanin synthesis

Cathechol stirnulates the forrnation of a black pigrnent in

dark-reared Verticilliurn cultures and induces pigment forrnation

under near-ultraviolet radiation (Brandt, unpub. ). Assurning that

the oxidation of catechol to forrn the black pigment is an enzymatic

reaction, this pigrnent, then, rneets Masonrs definition of rnelanin,
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It . a pigment of high molecular weight forrned by the enzyrnatic

oxidation of phenols" (28, p. 277).. Enzyrnes which rnight oxidize phe-

nols, thus forrning a black or brown pigrnent, include cytochrome oxi-

dase, the phenolases, and peroxidase.

Cytochrorne oxidase

The forrnation of rnelanin by cytochrorne oxidase seems un-

Iike1y. Cytochrorne oxidase activity is associated with rnitochondria

(33) and although marnrnalian rnelanin is forrned in particles, the en-

zyrne responsible is not cytochrorne oxidase (38). Plant rnelanin

synthesizing systerns are reported to reside in soluble rather than

particulate fractions of er,'zyrne preparations (38). Oxidation of Phe-

nols in a cytochrorne oxidase-cytochrorne c system is by the coupled,

non-enzyrnatic reduction of cytochrorne c (5, P. 181; 4, p. 87).

Melanin, to rny knowledge, has not been formed by the cytochrorne

oxidase-cytochrome c systern.

The phenolases

The group of enzyrnes that Mason calls phenolases includes

catecholase, cresolase, dopa-oxidase, polyphenol-oxidase and tyro-

sinase (25, p. 105). In this thesis, Iaccase is included in this group.

Each of these enzymes can oxidize phenols and the products could

polyrnerize to forrn rnelanin.
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Raper proposed a scherne of rnelanin synthesis from tyrosine

in I938 (34). He based his plan on the observations of Bourquelot and

Bertrand, who worked with rnushroorn preparations in 1895, and on

his own work with tyrosinase from mealworrns (35). Since then there

have been numerous investigations and many reviews (!, 10, 23, 25,

27, Z8l,

The naturally-occurring substrates for animal phenolases are

dopa and tyrosine (10, 36). These two have been used or proposed

as substrates for plant phenolases, as have rnany other phenolic com-

pounds including catechol, ascorbic acid, protocatechuic acid, caf-

feic acid, p-cresol, chlorogenic acid, gallic acid, phenylalanine,

hydroquinone and urushiol (I, 4, 5, 23, 28, 39, 46).. The literature

on melanin synthesis states and irnplies that enzyrnes of the pheno-

lase group cataLyze the initial oxidations which lead to the polymer-

ized pigmented products.

Becker has dernonstrated an

extracts from Verticilliurn (3). He

though he did not show data proving

Peroxidase

aerobi.c oxidation of catechol by

called it phenolase activity, aI-

that oxygen was taken up.

Mason (26), Nicholls (30) and Paul (32) have reviewed per-

oxidase systerns.

Jarnes and Cragg (17), using barley extracts, found a
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peroxidase that oxidized catechol and forrned a brown pigrnent. Their

reaction rnixture contained barley extract, HgO2, and catechol in

phosphate buffer at pH 6.4. They could not demonstrate a phenolase

type of catechol oxidation.

Beevers (4, p. 78), Bonner (5, p. I79) and Hartree (11, p.

231) each indicated that peroxidase, in the Presence of peroxide

(IJ.ZOZI, can oxidize a wide variety of rnonophenols, diphenols and

arornatic arnines, e. 8., p-cresol, pyrogalloI, hydroquinone, p-

phenylenediamine, guaiacol and ascorbic acid.

Studies on the hydroxylation of arornatic substrates by peroxi-

d.ase showed that Mn*Z stirnulated the reaction (29). Some proposed

interrnediates in the peroxidation of aromatic donors can reportedly

polyrnerize or forrn other cornplex compounds (45, p. 228l'.

Stutz ( l) described an indole-3-acetic acid-oxidase which re-

quired a phenol for activity and which was stirnulated by Mn*Z. It

appeared to be a peroxidase linked to IAA oxidation through the per-

oxidation of a phenol.

Klapper and Hackett (Z?l stated that Mn*Z (^t 1.3 x IO-3 M)

was an absolute requirernent for the peroxidase oxidation of hydro-

quinone. The authors stressed that Mn*2 stimulates the oxidative

reaction with other hydroquinones and naphthohydroquinones, but is

not required. They suggested that when oxidized quinone products

accurnulate, they inhibit further oxidation of hydroquinones and



naphthohydroquinones, and further suggested that Mn*Z acted by re-

versing this inhibition.

Kenten and Mann (20, 2l) described peroxidase systerns in

which Mn*2 was oxidized to Mr.*3 or Mn*4. These workers dernon-

strated that this oxidation could be coupled to other enzyrre systerns

which produce }{2Og ll9l.

Chance (8), proposed two rnechanisrns for peroxidase activity::

first, an anaerobic peroxidation reaction; and secondly, an aerobic

oxidation. The catalyst for the oxidase reaction aPPears to be a

Mn*Z -activate d. H2O2-peroxidase complex.

Peroxidase in surnmary

The function of peroxidase, which no other enzyrn'e systern

duplicates, is surnrnarized by Nicholls (30, p. 301) as the peroxida-

tion of oxidogenic donors (those which forrn radicals with oxidizing

power after reacting with H2O2-peroxidase comPounds) to form com-

plex colored products.



MATERIALS AND METHODS

Organi srn

A melanin- and -rnicrosclerotia-forrning strain of Verticillium

albo-atrurn Reinke and Berth., isolated by J. D. Menzies frorn okra

(Brandt's isolate H-I3), was used in these experiments. Stock cul-

tures frorn single, gerrninated spores grew in the dark for two weeks

on 10 rn1 of sucrose-yeast extract agar in half-ounce perfume bottles,

and were then refrigerated until used.

Media

Chemicals are reagent grade

Sucro se-yeast extract agar

unles s otherwise specified.

Sucrose

Yeast extract (Difco)

KHzPO4

K2HPO4

Agar (Bacto)

Di stilled W'ater

20.0 gm

3. 0 grn

2.5 grn

2.5 grn.

20. 0 gm

I000. 0 rnl



Sucrose-nitrate

(r)'r Sucrose 20.0 grn

KNO3 3. 0 grn

MgSO4' 7 }{ZO 0.5 grn

Microelernent Solution 2. 0 mI
(compo sition Ii sted below)

Distilled'Water

(b)'r Ki:r-Po4

Di stilled Water

Fe(NO3)3 . 9 }{zo

ZnSO4' 7 H2O

MnSO4 . HZO

0.3617 g^

0. ZL99 grn

0.1015 g*

500. 0 mI

I. 0 grn

500. 0 rnl

'k1a1 and (b) are each autoclaved separately for I5 rninutes
at I5 pounds pressure and then mixed after cooling.

Microelernent stock solution

Mix together in 300 rnl distilled water, clear with not rnore
tlnan Z rnl of concentrated C. P. H2SO4 and make to 500 rnl
volurne with distilled water.

Tests for ability to induce pigrnent forrnation under near-uv

For substrate tests on live cultures, spores were rernoved

from the stock cultures by pipetting five rnl of sterile distilled water

into a stock culture bottle, gently shaking the bottle, then pouring the

resulting spore suspension into 45 rr:[ of sterile distilled water.
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About one rnl of this second sPore suspension was aseptically pipetted

onto four percent agar in petri dishes. These were kept in the dark

at Z4oC f.or 24 hours. Single gerrninated spores were rernoved under

a binocular dissecting rnicroscope by using the flattened tip of a dis-

secting needle, and were then transferred to petri dishes containing

30 ml of sucrose-yeast extract agat.

cultures exposed to near-uv were placed about 70 cm below

two 4Q-watt BLB near-UV fluorescent tubes (most radiation 3ZO0'

o O.
4000 A, peak 3650 A).

Sub strate s

substrates were chosen on the basis of (1) their being Pro-

posed interrnediates in melanin formation, (2) having been used by

other reSearchers as substrates for phenolase enzyEres, (3) being

structurally sirnilar to sorne of those in the above grouPs, or (4)

being specific substrates for another type of oxidative systern that

might produce a black pigment. Catechol was considered the stand-

ard for cornparison because of its known abitity to induce pigrnent

synthesis under near-UV. Other substrates used were aniline, as-

corbic acid, chlorogenic acid, p-cresol, 3, 4-dihydroxyphenylalanine

(dopa), gallic acid, hydroquinone, phenol, phenylalanine, p-phenyl-

enediamine (for laccase), protocatechuic acid, pyrogallol (for per-

oxidase), resorcinol, shikirnic acid, and tyrosine'
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Sub strate irnpregnated disks

One-half inch filter paper assay disks, Millipore filters and

hypoderrnic needles were autoclaved separately in petri dishes, and

the proper quantities of substrates were weighed into vials. Ten ml

of distilled water added to the vials made 1O-2 M solutions of the sub-

strates. Frorn these, 10-3 and 10-4 M solutions were prepared by

dilution.

In a transfer box, substrates sterilized by Millipore filtration

were added to the sterile disks. Using flarned forceps, saturated

disks were added to the cultures. One disk of each concentration of

substrate and one blank disk of sterile distilled water were added to

each culture so that the sterile distilled water blank was over a wax

pencil mark at LZ o'clock, the 1O-2 Vt disk at 3 o'cIock, the I0-3 M

disk at 6 o'clock and the 1O-4 M disk at 9 o'c]ock, when viewed frorn

the top.

Then the cultures were returned to the light regirne in which

they had been growing.

Micro scopic observations

For rnicroscopic observations, srnall pieces of the colonies

were rernoved and squashed in a drop of lacto-phenol (containing

aniline blue) on glass slides.
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Manornetric and spectrophotornetric analysis of

Culture s

Liquid sucrose-nitrate rnedium was used to grow cells for the

preparation of enzyme extracts. One rnl of spore suspension, Pre-

pared as above, was added to approxirnately I00 mI of medium in

Z5O rnl Delong culture flasks. These cultures were reared under

near-UV (about 30 crn below two 20-watt BLB fluorescent tubes, rnost

radiation 3200-4000 i, peak 3550.8) on a rotary shaker (about 280

oscillations per rninute) for eight to ten days at Z5oC,

Dark-reared cultures were grown in about 150 rnl of medium

in 500 ml Delong culture flasks. The inoculurn was one ml of spore

suspension. These cultures grew for four weeks at Z4oC in a light-

proof incubator without shaking.

Extracts

The cultures were harvested by centrifuging at I3,500 x g.

After decanting the rnedium, the cells were resuspended in cold dis-

tilled water and recentrifuged. The water was decanted, the cells

rernoved, wrapped in aluminum foil and stored under refrigeration

until us ed.

Ten grn of cells and ten grn of cold, powdered alumina were



13

rnixed together in a precooled rnortar in an ice bath. Five ml of buf-

fer (0. 1 M Tris-HCl, pH 7.Zl were added and the mixture was ground

for about ten minutes or until a hornogeneous slurry resulted. Five

ml more of buffer were added and the slurry ground again until uni-

forrn. This mixture was centrifuged and the supernatant was used as

the enzyrne extract.

Protein analysi s

Protein was deterrnined by the rnethod of Lowry,

Extracts contained between 1.33 and 1.55 rng of protein

Manometry

et al. (241.

per rnl.

Studies of oxygen uptake were conducted in a Warburg respi-

rometer. The water bath ternperature was Z5oC. Reaction rnixtures

contained: 1.0 rn1 of buffer, 0.5 or 1.0 ml of cells or extract, 0.5

rn1 of tO-2 trrt substrate in the side arrn, enough distilled water to

make 3 ml volume and 0. 2 rnl of. 20 percent KOH in the center well

with a filter-paper wick.

Purpurogallin test

The purpurogallin test of Surnner and Gjessing (42) was rnodi-

fied to provide a rapid qualitative test for peroxidase. The propor-

tions of reactants were the sarne but the volumes were reduced by
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one-half. The principle involved in this test was followed in develop-

ing an assay for the catechol-oxidizing-systern. Hereafter COS will

be used in place of catechol-oxidizing-systern.

Assay for the Catechol-Oxidizing-System

Dr. H. J. Evans devised a test for the COS and, frorn this,

the assay was developed. This assay consisted of adding 1.0 ml of

buffer (0. I M Tris-HCl, pH 7.2l1, 0.9 rn1 of distilled water, 0.4 rnl

of 1 M IHZOZ, 0.4 mt of 10-1 M catechol and 0.2 ml of l0-3 14 14rr+2

to a small test tube. This rnixture was incubated in a water bath at

3OoC for five rninutes, then 0. I mI of extract was added with mixing.

After ten more rninutest incubation a dark, red-brown color devel-

oped; this colored reaction mixture was transferred to a cuvette and

the optical density (O. D. ) read at 490 mu. A Beckman DB spectro-

photometer was used for the readings. A blank of the reaction rnix-

ture without extract was incubated and read along with the experi-

rnental mixture. This value was subtracted to correct for autoxida-

tion. A second blank of the complete reaction rnixture plus extract,

but without incubation, was subtracted to correct for turbidity due to

the extract. Catechol and peroxide were PrePared fresh for each

dayrs use.
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Standardization

Because the reaction rnixture was saturated with the react-

ants, the problem arose of how to stop the reaction to be able to

standardize it. Acid, thiourea and other reducing agents decolorized

the pigrnent formed. Chilling would slow the reaction but would also

fog the cuvette and interfere with the readings. It was decided to add

the extract on a time schedule of one- or two-minute intervals, in-

cubate for ten minutes, remove the reaction mixtureB on the sarne

time schedule and read imrnediately.

Ab so rption rnea sur ement

The wave length of.490 rrru was chosen for the readings be-

cause it was the center of a broad peak of absorption as indicated by

early experiments. Later the wave-length indicator on the spectro-

photorneter used for the routine analyses was found to be out of ad-

justment. After correction, 490 rnu was on the edge of the peak.

The readings were similar so the same point was used.
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RESULTS

Mac ro scopic Ob servations

To ascertain what potential substrates stimulated pigrnent

production, substrate saturated disks were added to the cultures when

they were 12 days old. Observations of the cultures began three days

after adding the substrate disks and continued for two weeks. Photo-

graphs were taken through the bottom of the cultures on the fifth day.

Figures I through Zl are photographs of the results. Cultures with

LO'?, 10-3, and IO-4 trrt catechol disks plus a distilled water disk and

control cultures without any disks were included in each experirnent.

The tests were conducted both under near-UV and in darkness. In

rnost cases the dark-reared test cultures did not differ significantly

frorn the dark-reared control cultures. For this reason, and because

the forrnation of pigment in the near-UV-reared cultures was a dis-

tinct and rnajor reaction, only data on near-UV-reared cultures is

presented in Tab1e 1.

The macroscopic observations made after 13 days are pre-

sented in Table 1. A11 the catechol replications showed dark center

pigmentation indicating pigment induction even under near-UV. Of

the other substratesr P-cresol induced pigment forrnation in one out

of eight cultures, phenylalanine in one out of seven, p-phenylenedi-

arnine in one out of nine and hydroquinone in eight out of ten. The
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TABLE I. Mac ro scopic
13 days after

observations of near-UV-reared cultures
adding substrate saturated disks.

Sub strate
Nurnber of

Replications
Number showing
Pigmentation

catechol

aniline

ascorbic acid

chlorogenic acid

p-cresol

dopa

gallic acid

hydroquinone

phenylalanine

p-phenylenediarnine

pyrogallol

resorcinol

shikirnic acid

tyro sine

Darkening was most pronounced near the

I

8

I

I

l0-2 M substrate disk.

8

8

8

3

8

3

7

10

7

9

8

8

3

4



1. Near-UV-reared catechol standard.

2. Near-UV-reared control.

3. Dark-reared control.

4, Near-UV-reared culture with phenylalanine as the substrate'

5, Near-UV-reared culture with p-phenylenediarnine as the sub-

strate.

6. Near-UV-reared culture with gallic acid as the substrate.

7. Near-uv-reared culture with hydroquinone as the substrate.

8. Near-UV-reared culture with pyrogallol as the substrate.

g. Dark-reared culture with pyrogallol as the substrate.

IO. Near-UV-reared culture with resorcinol as the substrate'

1I. Near-UV-reared culture with shikirnic acid as the substrate'

L?,. Near-uv-reared culture with tyrosine as the substrate.
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L3. Dark-reared control culture.

L4. Near-UV-reared control culture.

15. Near-UV-reared culture with catechol as the substrate.

16. Near-UV-reared culture with aniline as the substrate.

17. Near-uv-reared culture with ascorbic acid as the substrate'

18. Near-uv-reared culture with chlorogenic acid as the substrate'

Lg. Near-uv-reared culture with p-cresol as the substrate.

zo. Dark-reared culture with p-cresol as the substrate.

zl. Near-UV-reared culture with 3, 4-dihydroxyphenylalanine
(dopa) as the substrate.
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pigrnent induction by hydroquinone

plete as the induction by catechol.

substrate was added and rnuch Iess

Substrate reactions

Z2

was not as rapid and not as corn-

It occurred about l0-LZ days after

pigment developed.

Figure I illustrates the induction of pigrnent by catechol. A

disk soaked in distilled water (HZO) was included as a blank with each

substrate test. Three concentrations of each potential substrate

were used to provide a wide range of concentrations for the possible

induction of pigment. The reaction with catechol was considered the

standard. Catechol at 10-Z and tO-3 Vf effectively induced pigrnent

forrnation. At lO-2 M, catechol also retarded growth. Catechol at

1O-4 M and H2O had little effect on pigment induction.

Figure 2 illustrates a near-UV-reared control culture with

complete lack of rnelanin (black pigrnent) in the culture. Figure 3

shows a typical dark-reared control culture. The halo effect at the

periphery of the colony is typical of this isolate. The edge of the

rnelanized area is about three days older than the non-pigrnented

orrter edge.

Autoxidation of the p-phenylenediarnine can be seen around

the lO-2 Vf disk in Figure 5 but no rnelanin was found. In cultures

treated with hydroquinone (Figure 7), rnelanin forrned rnuch later

than in those cultures which had catechol as the substrate and there
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was less pigment. Autoxidation of the substrate, dopa,

around the IO-2 U disk in Figure 21 but no melanin was

Thus, the results illustrated in the photographs

can be seen

found.

and in Table

I show that catechol alone consistently induced pigment formation in

Verticillium cultures reared under near-UV. Hydroquinone caused

pigment synthesis under near-UV rnost of the tirne but was rnuch

slower acting and induced much less pigrnent.

Mic ro scopic Ob s e rvations

Two weeks after adding the substrate disks, sarnples of the

cultures were taken for rnicroscopic observations. These were rnade

on one or two representative cultures treated with each substrate to

check whether or not rnicrosclerotia or their forerunners were

present.

Pigrnented, dark-reared cultures were used as the standard

for comparison. Typical structures included: colorless conidia,

hyphae cornprised of cells five to ten diarneters long, rnicrosclerotia

and short segrnents that appeared to be forerunners of rnicrosclero-

tia. Microsclerotia forrnation appeared to involve five steps:

(1)the septation of the hyphae to forrn cells about one diarneter in

length; (2) the enlarging of these ceIls to about three tirnes the di-

arneter of rnycelial cells; (3) the budding of these enlarged cells;

(41 the forrnation of black pigrnent within these cells; and (5) the
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thickening of the cell waIIs. The Iast two steps might proceed si-

rnultaneously; the result was a black cluster of enlarged celIs.

Innear-UV.rearedcontrolcultures,whichproducedno

rnelanin, colorless conidia and hyphae were found. Hyphae, conidia,

short-celIed hyphae, enlarged celIs, black pigment, cell-wall thick-

ening and rnicrosclerotia were chosen for cornparing the effects of

the various substrates on the cultures. The rnicroscopic observa-

tions of near-uv-reared cultures are presented in Table 2.

When catechol was the substrate, all seven structures de-

veloped under near-uv. Near-uv-reared cultures treated with the

other substrates typically contained only conidia and hyphae. one

culture with p-cresol as the substrate contained all seven structures'

At the tirne these observations were recorded, rnany of the cultures

treated with hydroquinone showed all seven structures. Melanin,

when present, was in microsclerotia. Tyrosine, phenylalanine and

p-phenylenediamine induced a few forerunner structures. The dark-

reared test cultures contained all of the structures.

These observations are consistent with those recorded in the

photographs and Table 1. Thus, the results of these in vivo tests

are uniform in showing that the effect of pigment induction under

near-UV is quite specific for catechol.



TABLE 2. Microscopic observations of near-UV-reared cultures 14 days after addition of substrate
di sks.

short-celled enlarged black cell-wall
substrate conidia hyphae hyphae cells giggrent thickening microsclerotia

catechol
aniline
ascorbic acid
chlorogenic acid
p-cresol
dopa
gallic acid
hydroquinone
phenylalanine
p-phenylenediamine
pyrogallol
resorcinol
shikimic acid
tyrosine
control

+
+

+

+

+

+

+
+
+

+

+
+

+
+
+

+
+

+

+
f
+
+
+
+
+

+
+
+
+
+

+
+
+

This response was in only one culture. The rest had only conidia and hyphae.

Nu
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Manornetry

Attempts to demonstrate oxygen uptake typical of a phenolase

oxidation were not successful. Extracts prepared in phosphate buffer

at $I 6.0, 7.0 and 7.5 and in Tris-HCI at pH 7.? f.ailed to consist-

ently stimulate oxygen uptake uPon the addition of catechol, p-cresol

or chlorogenic acid. Separation of the extract into 181 000 x g super-

natant and pellet fractions gave no reproducible differences in either

fraction upon incubation with catechol, hydroquinone, pyrogallol,

chlorogenic acid or tyrosine. The rate of oxygen uptake was low and

erratic and rarely exceeded 100 uI in 60 rninutes.

Tirne of catechol-oxidizing- systern production

A series of experirnents to ascertain the time of production of

the rnaxirnurn catechol-oxidizing-systern (COS) in both near-UV-

reared and dark-reared cells was undertaken. Near-UV-reared cells

were harvested when 6, 8, 10, LZ and 14 days old and tested within

24 hours. Dark-reared ce1ls were harvested when 12, 15, 18, ZL,

24 and Z7 days o1d and tested sirnilarly. These preparations were

centrifuged at 3, OOO x g for five rninutes. This low-speed centrifuga-

tion precipitated the alumina and large segrnents of hyphae, but the

preparations were not cell free. Thus whole cells, as well as ceII

contents, could have catalyzed the oxidation of the substrates.
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The results presented no consistent pattern and no singular

time of rnaxirnum COS production. Due to endogenous respiration,

the results were difficult to interpret. This endogenous rate was not

reproducibte and not appreciably affected by the presence of phenolase

substrates. Boiled Preparations and controls without preparation

showed very low activity. Controls containing the preparation but

without catechol showed nearly as rnuch activity as the experirnental

reaction rnixtures with catechol added. Fig:ure 22, which shows oxy-

gen uptake by a near-UV-reared ceIl preparation, is a typical exam-

pIe. Whole cells in the preParation rnay account for the high rate of

endogenous respiration, but added catechol did not stirnulate the rate

of oxygen uptake to a degree approaching that of known phenolase

sources (40). Thus, it appeared that either there was only a weak

phenolase activity in these cells or that the rnethod of assay was not

suitable.

Co arison of phenolase f rorn Vertjcillium tato and rnushroom

The irregular results prornpted the use of known sources of

phenolase, i. €., potato (31) and rnushroorn (40), to check the validity

of the rnethod used. Figure 23 shows a dark-reared Verticilliurn

preparation cornpared to potato and rnushroorn preparations made in

the sarne way and assayed at the sarne tirne. For the first I5 rnin-

utes (tirne of the first reading), the rate of oxygen uptake for potato
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FIGURE 22. The effect of substrate on oxygen uptake by a crude
preparation f rom near-UV-reared cells. (Complete reaction mix-
ture is described in the methods section. )
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was 5. 3 uI/rnin. and for rnushroorn 5. 5 ul/rnin. as corrlpared to

0. 93 ul/rnin. for the Verticilliurn preparation. After the first 15

rninutes the rate dirninished and the reduced rate was rnaintained for

the rest of the test. Rapid oxygen uptake stopped after l5 minutes

because the catechol was used up. To be cornpletely oxidized, 5 x

10-6 rnoles of catechol require 3 x 1019 rnolecules (or 112 uI) of oxy-

gen. As can be seen in Figure 23, llZ uI is close to the values actu-

ally recorded. Potato plus Verticilliurn preparations and rnushroorn

plus Verticilliurn preparations were tested together to see if the

Verticillium preparation contained an inhibitor to these known phe-

nolases. There was no apparent inhibitor in the Verticillium prepa:

ration. These results indicated that the type of COS in Verticillium

is not sirnilar to the phenolase in either potato or rnushroom.

Effects of iron added to the culture rnediurn

Tests indicated the presence of peroxidase in the Verticilliurn

extracts, thus, celIs were grown in rnediurn containing an additional

5 x lO-6 Vf chelated iron. The rate of oxygen uptake by crude prepa-

rations (3,000 x g for five rninutes) of these cells was ascertained.

The results presented in Figure 24 show that there was a fourfold in-

crease in endogenous respiration rate (for the 60-rninute test) of cells

grown in rnediurn with added iron as cornpared to cells grown in the

standard culture rnediurn (3.25 uI/rnin. to 0.83 ul/rnin. ). The effect
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Prep. -
catechol

preD. +
Lati:chol

Prep. +
catechol

H
0)
b0
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o

-.,.
g -t ---A prep._-_

-/ A ------ bat6chol
/'--

30
miDutes

FIGURE 24. Effects of added iron in the culture rnediurrl on
catechol oxidation by and endogenous respiration of crude
Verticilliurn preparations f rorn dark-reared ceIls. (Solid
lt".sJror. cells grown with 5xlO-5 Vf added iron. Broken
lines, frorn cells grown without added iron. )
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on catechol oxidation was not as great. The rate of uptake (per 60

rninutes) by preparations frorn cells grown with added iron was 3.86

ul/min. The rate by preparations from cells grown in the standard

culture rnediurn was 1.5 uI/rnin., which is little rnore than a twofold

increage.

Endogenous respiration of near-UV-reared cell suspensions

and the effect of added catechol are presented in Figure 25. Added

catechol did not stirnulate oxygen uptake. Neither did hydroquinone,

tyrosine, dopa nor phenol. Cel1-free extracts centrifuged at ?1 r 000

x g for 20 rninutes showed no activity toward catechol, hydroquinone,

tyrosine, dopa or phenol and had no endogenous activity. This was

further evidence that the COS in Verticilliurn was not a phenolase.

Colorimetry

The finding that the COS in Verticilliurn was probably not a

phenolase prornpted search for another enzyrrre systern which might

be the main initiator of rnelanin synthesis. Since manganese stirnu-

Iated melanin synthesis (5), and peroxidase (which is activated by

trrtrr'+2) could cause rnelanin synthesis, tests for peroxidase we re

undertaken.

oxidase

tracts.

The rnodified purpurogallin test showed the Presence of per-

i.n both near-UV-reared and dark-reared Verticilliurn ex-

Since iron is required for peroxidase activity, cultures were



33

Tip-in

Itr
0,
b0

xo
t

FIGURE 25.
Ve rti cillium
rnediurn.

Oxygen uptake by suspensions of
cells grown with and without iron

a = cells grown without added iron
o = cells grown with 5x10-6 M

added iron

near-UV- reared
added to culture

minutes



34

grown with 5 x IO-5 M "h"l"ted iron added to the mediurn in order to

deterrnine whether this addition would increase the amount of peroxi-

dase activity. Dark-reared cultures with iron added to the rnedium

produced more rnelanin (by visual observation) and more peroxidase

activity (as measured by this purpurogallin test) than similar cultures

without iron added to the rnedium.

Catechol - oxidizing - systern a s say

The COS assay was developed using the purpurogallin test as

a rnodel. This assay depended upon cell-free extract, catechol, and

hydrogen peroxide and was stirnulated by the addition of Mn+z (see

Figure 25). To consistently produce cell-free extracts (as deter-

rnined rnicroscopically), fungus cells were ground with alumina and

centrifuged at 3, OO0 x g for five rninutes to sedirnent the alurnina and

unbroken cells. The supernatant frorn this was centrifuged for 20

minutes at 27,000 x g. No further fractionation was atternpted. This

could account for the low but definite amount of oxidation indicated by

the control withouf HZOZ. The O. D. indicated by the boiled control

was due to turbidity. The control without catechol indicates the de-

pendence of the reaction on a hydrogen donor such as catechol. The

relatively high O. D. of the control without Mn*2 can be explained

by the following: (I) the culture mediurn contained Mn*Z; (2) the

alumina rnight contain Mn*Z; and (3) the extract was not dialyzed.
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absorption spectrum of the product has a broad peak between 460

490 rnu (see Figure Z7l.

To deterrnine the concentrations of the various reactants re-

quired for maxirrurn reaction rates, all cornponents in the reaction

rnixture, except the variable component in question, were rnaintained

at high levels and the variable conrponent was added in increasing

arnounts until a rnaximum reaction rate was obtained. These results

are presented in Figures 28, 29, 30, and 31.

A concentration of. H2O7 sufficient for cornplete saturation was

not feasible because high concentrations of. }{gO2 caused autoxidation

of substrate and could possibly denature the enzyme. For the reac-

tion tirne used, 0. I33 M was sufficient. The system was saturated

with catechol at 0.0133 M. Without catechol the reaction was niI.

Manganese stimulated the reaction but was not absolutely essential.

This rnay be due in part to the presence of Mn*Z in the extract. The

O. D. increased alrnost linearly with increasing amounts of extract.

The volume of 0. I rnl was chosen because it produced an O. D. of

roughly .500 in ten rninutes at 3OoC. The reaction curves of the

near-UV- and dark-reared ceII extracts were sirnilar. The reactants

for the catechol-oxidizing-system assay indicated that it actually was

a catechol-peroxidizing systern. Hereafter CPS will be used in place

of catechol -peroxi dizing systern.
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FIGURE 27. Absorption spectrurn of oxidized catechol.
(The reaction rnixture contained: 0. 4 rnl of I M HZOZ, 0.4
rnl of 10-l M catechol, 0.2 rn1 of I0-3 M M.r*Z in 0.9 mI of
distilled water and I.0 rnl of 0. I M Tris-HCl buffer pH 7.2,
0. 1 rnl of enzyrne extract).
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Cation stimulation

Eight cations were tested to deterrnine the types of rnetals that

could stirnulate the CPS and to what relative degree. Mattheyts

rrspecpure'r rnanganous sulfate was used in the standard reaction rnix-

ture. "specpuretr salts of zinc, copper, and iron were tested, as

were rtBaker analyzedrr salts of cobalt, calciurn and nickel and Mal -

linckrodt rragnesium, all at 10-3 M concentration. The effects of

these cations on oxidation of catechol by near-UV- and dark-reared

cell extracts are illustrated in Figure 32. Coba1t caused consider-

able autoxidation of catechol during the five-rninute equilibration be-

fore extract was added. When Cu*Z or Fe*Z was added to the reac-

tion rnixture there was rapid autoxidation. Although no specific

cation stirnulation of these crude extracts was observed, Mn12

caused the rnost stirnulatiorr; Mg+Z and Ca*Z stirnulated the CPS

roughly one-half as rnuch as Mn*Z.

Substrate tests

The same set of potential substrates as tested in vivo was

tested in the ceII-free CPS assay to ascertain which, if any, would

be oxidized to form a dark pigrnent. Except for chlorogenic acid, the

substrates were tested at 10- I M "orr.entrations 
with a catechol

standard, Chlorogenic acid was tested at iO-2 U with a cornparable
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catechol standard.

other than catechol, only p-phenylenediarnine an.d dopa were

oxidized by this enzyrne systern to produce a pigment with absorbance

at 49O 1nu (see Figure 33). The readings recorded for these two sub-

strates were rnade on 1:3 dilutions of the reaction rnixtures. The ab-

sorption spectra of oxidized p-phenylenediarnine and dopa are pre-

sented in Figures 34 and 35'

Hydroquinone and pyrogallol also produced pigrnented pro-

ducts in this reaction rnixture. Oxidized hydroquinone showed the

same absorption as catechol but in this case it was due to autoxida-

tion. Oxidized pyrogallol had an altogether different absorption sPec-

trum, characteristic of the yellow pigrnent (Figure 35). The pur-

purogallin test for peroxidase is based on this enzymatic oxidation of

pyrogallol. The four corTrpounds, p-phenylenediarnine, dopa, hydro-

guinone and pyrogallol, are the only substrates, other than catechol,

which forrn pigrnents in this reaction rnixture.

The O. D. produced by the action of dark-reared cell extract

on ascorbic acid, gallic acid and protocatechuic acid was not due to

a pigrnent but rather to turbidity in the cuvette. Turbidity was a

problem with the dark-reared cell extract because of a lipid cornpo-

nent which clouded the walls of the cuvette. The O. D. recorded for

shikirnic acid was not due to a pigrnent nor turbidity. Thus, in this

cell-free systern, only p-phenylenediarnine, dopa, and catechol were

enzyrnatically oxidized to forrn a dark pigrnent.
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arnine. (The standard reaction rnixture was used except p-
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FIGURE 36. Absorption spectrurn of oxidized pyrogallol.
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DISCUSSION

In vivo substrate tests

Since catechol stirnulates melanin forrnation in Verticilliurn

and melanin results from the oxidation of phenols by phenolase, the

presence of a phenolase was assurned to be responsible for rnelanin

synthesis in Verticilliurn. Thus, a survey was conducted of other

cornpounds which might serve as substrates for the induction of pig-

rnent forrnation under near-UV. Most of the usual phenolase sub-

strates did not induce pigrnent forrnation; however, catechol and, to

a lesser extent, hydroquinone did. This indicates a high enzyme

sp e cifi city.

Efforts to dernonstrate a phenolase

Atternpts to demonstrate a typical phenolase using rnanomet-

ric techniques and the usual phenolase substrates, failed to consist-

ently show stirnulation of oxygen uptake. Varying the pH of the ex-

tracting buffer did not rernedy this situation. Varying the tirne of

harvest did not show a particular tirne of rnaxirnurn phenolase activ-

ity. To test the rnethod of extraction and assay, preparations frorn

potato and rnushroorrr were rnade and tested in the sarne way. The

results (Figure 23) showed that, although the rnethod was usable to

assay a typical phenolase, it was not usable to assay for the COS in
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50

no apparent phenolase inhibitor

This evidence indicated that therein the Verticilliurn preparations'

was little or no phenolase activity in Ve rticilliurn.

However, in about one-half of the rnanornetric tests, re-

sponses sirnilar to those in Figure 24 occurred, These slight stirnu-

lations of oxygen uptake with added catechol may have indicated the

presence of a weak phenolase in these crude preparations. However,

results cornParable to Figure ZZ were just as cornrnon and indicated

the absence of a phenolase. Further, catechol did not stirnulate oxy-

gen uptake when added to suspensions of Verticillium cells (Figure

Z5l. Thus, I inferred that if a phenolase was present in Vqt4"i1!=r1

celIs, it was weak and not like a typical phenolase. This inference

agrees with the findings of Keith (18) and Patil (unpublished results),

that there is no, or at best a weak, phenolase in Verticilliurn.

This inference aPPears

clusion that phenolase existed

at first to contradict Beckerrs con-

i.n Verticilliurn (3). But his assay was

based on a colorirnetric test changed drastically from that described

by sussrnan et aI. (43). Becker used 1.0 rnl of extract in 3 rnl re-

action rnixtures and incubated them for one hour at 30oC before

reading. sussrnan et al., used 0. I rnl of extract in 3 rnl reaction

rnixtures and read at ten-second intervals. Becker presented no

oxygen uptake data; yet this is one of the rnost reliable and often-

used techniques for phenolase assay, and it was the rnethod used by
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sussman et aI., to standardize their colorirnetric test in the first

place. The rnodifications Becker had to use in order to demonstrate

an enzymatic catechol oxidation, indicate that the erLzyfire, if indeed

it was a phenolase, was very weak'

Characteristic s of the catechol-Peroxidizi svstem

Because Mrr*Z increased rnelanin forrnation in dark-reared

Verticilliurn cultures (5) and Mn*2 often stirnulates peroxidase (19)- -

which can oxidize phenols to forrn dark pigrnents -- peroxidase activ-

ity was investigated.. The rnodified purpurogallin test showed the

presence of peroxidase in both dark-reared and near-uv-reared

cell extracts. This correlated well with the finding that Mn*Z stirnu-

lated rnelanin synthesis in Verticilliurn'

since the usual phenolase assay, using oxygen uptake, proved

futile for assay of the cPS, a different assay was developed. The

required reactants for this assay proved to be: H2O2' catechol' and

extract (see Figures 26, 28, 29 and 31). The extract activity was

heat labile and rnanganese stirnulated the reaction. These facts fur-

ther suggested that the catechol-oxidizing -errzyrr.e was peroxidase'

Additional tests showed that Mn*2 stirnulated the reaction

rnore than any of the other seven cations tested, i. e., MgfZ, C^*2,

Co*Z, Ni+z, CutZ, F"lZ, and. Zn*Z (Figure 3Z)' This is in agree-

rnent with Brandtts (6) findings that Mn*Z alone stirnulated rnelanin



52

synthesis in dark-reared Verticillium cultures.

The fourfold increase in endogenous respiration and the two-

fold increase in catechol oxidation by suspensions of cells grown in

culture rnedium containing added iron, are further evidence that there

is a peroxidase systern in Verticillium.

Catechol and, to a rnuch lesser extent, hydroquinone were the

only substrates oxidized by the CPS in vivo. Looking at the results

of the substrate tests with cell-free extracts, irnrnediate differences

are seen. In addition to catechol, dopa and p-phenylenediamine were

enzymatically oxidized to forrn pigments with absorption similar to

that of catechol (Figures Z-1, 34 and 35). It should be noted that both

dopa and p-phenylenediamine autoxidize readily in distilled water,

and would oxidize fiIore in the reaction mixture. Pyrogallo1 was also

oxidized but its spectrum was quite different (Figure 35). Hydroqui-

none was not enzyrnatically oxidized, although the autoxidation Pro-

duct was similar to that of catechol. Thus, although this assay did

not show the sarne specificity as the in vivo tests, the narrow range

of substrates was still indicated.

Comparison of dark-reared and near-UV-reared celI extracts

Extracts frorn cells grown in darkness and under near-uv-

radiation were sirnilar in alrnost all ways. The required reactants

for the CPS and the saturation curves of these reactants were the
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same. There was general sirnilarity in the degree of CPS stimulation

by the various cations, and the limited specificity of substrates was

comrrron to both. The different reactions of the two extracts to Mg+?'

and Ni*2 (Figure 32) were probably not significant in view of their

sirnilar reactions with other cations. Likewise, the differences in

O. D. between dark-reared and

bated with ascorbic acid, galIic

probably not significant because

the infrequency of the difference

near-UV-reared ceI1 extracts incu-

acid and protocatechuic acid are

of the lack of reaction in vivo and

in vitro.
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SUMMARY

Of I3 potential substrates other

droquinone, induced rnelanin forrnation

than catechol, only one, hy-

in Verticilliurn cultures under

techniques for phenolase using known

that Verticilliurn albo-atrurn, isolate

near-UV-radiation; this induction was not nearly as great as that by

catechol,

The other 13 cornpounds tested were aniline, ascorbic acid,

chlorogenic acid, p-cresol, dopa, gallic acid, hydroquinone, phenyl-

alanine, p-phenylenediarnine, pyrogallol, resorcinol, shikimic acid,

and tyrosine.

H-13, contains either no phenolase or weak phenolase.

Cornpari son of Verticilliurn preparations with those frorn

potato and rnushrooln indicated that the catechol-oxidizing- system in

Verticilliurn is unlike that in these known phenolase sources.

The usual rnanornetric

phenolase substrates indicated

A rnodified

oxidase in extracts

Verticillium cells.

purpurogallin test showed the presence of a per-

from both dark-reared and near-UV-reared

Chelated iron (5xI0-6 M) added to the culture rnediurn in-

creased endogenous respiration of cell suspensions and increased

peroxidase activity in ce11-free extracts.

Reaction rnixtures containing cell-free extract, peroxide,
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Mn*Z and catechol forrned a red-brown pigrnent which darkened upon

standing.

The extract activity was heat labile. The reaction depended

upon extract, H7o2, and catechol. Manganese stimulated the reac-

tion.

Mrr*Z stirnulated the oxidation of catechol more than Mg+Z,

Ca*Z, Co*Z, Ni+Z, ZnlZ, Cw*Z, or Fe*Z. Mg+z and Ca*Z stirnulated

the reaction about one-half as much as Mn*2 and the others caused

Iess stirnulation than these two.

of I5 substrates other than catechol assayed with the ceII-

free extract, only dopa, p-phenylenediarnine and pyrogallol were en-

zyrrratically oxidized by this reaction rnixture. The substrates tested

included the 13 listed above plus phenol and protocatechuic acid'

These results indicate that the enzyrle responsible for rnela-

nin formation in Verticiltium is a peroxidase'
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