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Ah&met-Poly8alacturonase activity ~88 substantially induced in avocado fruit after infection with Co&m- 
Mcham g&eosporioides. The enzyme was extracted from healthy and infected tissues of inoculated fruits and 
puri6ed about 13-fold by DJME-ceWose cohunn. Both enzyme preparations &ave a single fraction after 
elution from the column, thou8h thermal inactivation and disc ekctrophozetic studies hwlicati two compo- 
~~intbeeaymefroctionoftheinfectedtissueascomparedtoas~ componenthltheffactionofthe 
healthy 911~. The two commts were quantitatively separated by C&kellulose chromatography and 
charactenzsd as fur@ and avocado poly&cturomws, respectively. The fuq@ polyp consti- 
t~approximataly16percentoftbetotalactivityinthe~~tiaPueandwarnot~intheheelthy 
meswarp. The fungal enzyme attacked pectic acid by random mechanism of hydrolysis and showed higher 
activity with non-methylated pectic substrates. Digalacturonic acid was not attacked by the fuagal poly- 
gakturonase. The pH optima of the last enzyme was 5-5 and 4-5 for pectic and tr@ktwonic acids, m 
tively. The avocado polygalactwonase showed lower stability to temperature inactivation and higher &, 
value as compared to the fungal enzyme. The results demonstrated that softening of the mewcarp during 
anthracnose development is primarily due to induction of the avocado polygalactwonase. 

INTRODUCTION 

POLYGALACTURONASES (pectic glycosidase, poly a- 1 &alacturonide glycano hydrolase 
E.C. 3.2.1.15) are involved in tissue maceration during pathological manifestations by biotic 
agents.‘. z Although these enzymes are widely distributed amongst microorganisms, only in a 
few instances have they been detected in healthy plant tissues.2-s The presence of poly- 
galacturonase in avocado fruits has been demonstrated by McCready and McComb6 and 
further investigated by McCready et ~1.~ and Reymond and PhaK* Polygalacturonase 
could not be detected in unripe Fuerte avocados, though ripe avocados showed high poly- 
galacturonase activity directly related to the extensive decrease in the molecular size of 
pectin.6 

Anthracnose is a common disease of avocado fruit caused by Colletotrichum glbeospori- 
oides Penz. This disease is characterized by sunken black spots on the fruits and as the fruit 
ripens the fungus penetrates deeper into the mesocarp until most of the fruit rots. This 

’ R. K. S. WOOD, Ann. Reu. Piht PhymbL 11,299 (1960). 
a D. F. BAW and R. L. MILLAR, Ann. Rev. Phytopathol. 4.119 (1966). 
’ A. L. -and H. J. PHAFF, WahtcinLab. Commwt. 20,119 (1957). 
’ T. A. BELL, &mm. Guz. 113,216 (1951). 
’ D. S. PATEL and H. J. PHMF, Food Rcs. 25,47 (1960). 
’ R. hi. MCCRsADr and E. A. McCosm, FoodRex. 19,530 (1954). 
’ R. M. MWY, E. A. Mccora, and E F. J-, Food Z&s. 20,186 (1955). 
’ D. RayMoNo and H. J. PMFF, J. Food&i. 30,266 (1965). 
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symptom is apparently accompanied by a separation of host cells due to destruction of the 
middle lamella structure.g 

The information on changes in pectic enzymes of host origin during pathogenesis is very 
scanty. Pectin methylesterases are present in healthy tissues of many plant species? but in 
larger amounts in diseased tissues. 2 Since pathogens are also capable of releasing pectin 
methylesterases,2 the origin of these enzymes in diseased tissue has not as yet been definitely 
established. The limited distribution of polygalacturonases in higher plants apparently 
contributed to the general concept that polygalacturonases produced in infected tissues 
originate from the pathogen, rather than from the host, as a result of host-pathogen inter- 
action. Induction of polygalacturonase elaborated by the host during fungal infection of 
kaki fruits~” is the only example of such interaction of which the present authors are aware. 

The work reported here describes the purification, properties and relationship of host and 
fungal polygalacturonases during anthracnose development in the avocado. 

RESULTS 

Relation of Polygalacturonase to the Degree of Infection and Ripeness 
Tissue plugs were removed at different time intervals for polygalacturonase determina- 

tion, both, from invaded and uninvaded (i.e. opposite to the infection site) areas, of inocu- 
lated fruits and from sound fruits. The plugs were taken with an 11 mm cork borer and 
extracted as described in the Experimental. Results given in Fig. 1 show that polygalacturon- 

TIME (days) 
F%. 1. POLYG.~LA~~NA~~~ Acnww DURINGTHE IUPENING STAGES OF INOCULATEDANDHEALTW 

AVOCADO FRUITS. 

Each figure represents an average result taken from three diierent fruits. Polygalacturonase is 
exprwed as specik activity (enzyme units/mg protein). O-O, Invaded tissue; 0-O uninva- 

ded tissue from inoculated fruit, A-A healthy fruit. 

ase activity was detected in the infection site within 24 hr of inoculation. Enzymatic activity 
in the uninvaded areas of inoculated fruit was developed after 2 - 3 days and only detectable 
in control fruits after ‘7 days. 

g N. BINYAWNI, Ph.D. Thesis, The Hebrew University, Jerusalem, p. 93 (1968). 
lo T. TANI, in The Dynumic Role of Molimkar Constituents in PhtParasite Interaction (edited by C. J. MIROCAA 

and I. URITANI), p. 40, Bruce Publishing, St. Paul, Minnesota (1967). 
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Fractionation and Purajication of Host and Fungal Polygalacturonases 

Approximately 100 units (O-9 units/mg protein) of crude enzyme preparation obtained 
from infected tissue was placed on a DEAE cohunn and washed with 100 ml water. Gradient 
elution was carried out with 150 ml O-05 M phosphate buffer, pH 8, in the mixing chamber and 
150 ml 0.4 M acetate buffer, pH 5.2, in the other chamber. Fractions of 8 ml were collected. 
Enzyme activity was determined by incubation of O-5 ml eluent from each fraction with the 
reaction mixture for 30 min. Under these conditions 90 per cent of the original polygalactu- 
ronase activity was recovered in a single peak (Fig. 2). The fractions which contained enzyme 
activity were pooled, dialyzed against distilled water for 16 hr and then assayed for enzyme 
activity. The specific activity of the final preparation was 12.5 units/mgprotein, a pur&ation 
of about 13.5 times. 
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FIG. 2. &ROMATCN3RAPHY OF FOLYCULMXURONASE FROM INPECIED AVOCADO TISSUE ON DEAE 
cmLuLcm3. 

o-0, Enzyme activity expressed as absorbance at 575 nm after reaction with DNS; O-0, pro- 
teins estimated by extinction at 280 nm; A- A PH. 

A previous report* indicated that avocado polygalacturonase was not adsorbed by 
carboxymethylcelhrlose (CMC!); in the hope that CMC might retain fungal polygalacturonase 
if present in infected tissue, the dialyzed enzyme, after elution from DEAE, was passed 
through such a column. Of 258 enzyme units introduced at the top, only 42 units were 
retained by the ion exchange after additional washing with 100 ml O-05 M acetate bu&r, 
pH 4.5. Elution of the enzyme from the CMC column was achieved when the concentration 
of NaCl approached O-2 M (Fig. 3). All the activity of the eluted enzyme was recovered in a 
single peak. A crude polygalacturonase preparation, extracted from healthy parts ofinocu- 
lated fruits, did not lose any activity on the CMC column. 

A large amount of ftigal polygalacturonase was obtained by growing the fungus on auto- 
claved avocado slices for 4 days at 25”. The enzyme was extracted from the slices, dialyxed 
and adsorbed onto CMC. The elution pattern of the enzyme activity was identical to that 
described in Fig. 3 and resulted in a purification of approximately 12-fold. 
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FRACTION NUMBER 

FIG. 3. k3OLATION OF FUNGAL POLYML.4CKJRONASE PROM THE TWO ENZYME CDMFONEN’IS OP 
~FECTZD TISSUE BY CM-CELLULOSE COLUMN. 

Details are given in the text. Quyme activity and proteins are expresd as in Fig. 2. a-0, 
Poly@ahbmme activity; O-O, proteins; A-A NaCl concentration. 

Further evidence of the presence of two components in the infected tissue was obtained 
by disc electrophoresis. The enzyme in the peak detected after the elution from the DEAE 
column (Fig. 2) was dialyzed and concentrated by passing through Diatlo u.ltratiltration 
membrane type UM-10 (Amicon, Holland). A purified fungal enxyme preparation from 
autoclaved avocado slices was also similarly treated. 200 ~1 of each enxyme preparation were 
placed in a dilkent acrylamide tube for a running period of 30 min. The results (Fig. 4) 
indicate the presence of two components in the preparation of infected tissue: the first compo- 
nent corresponding to the fungal enzyme. 

Action Pattern and Properties of Fungal Polygaiacturonase 

Since information on avocado polygalacturonase became available,6” further experi- 
ments were aimed at the characterization of the fungal enzyme. Fungal polygalacturonase 
after CMC column purification was used in the following experiments. The optimum pH 
with acetate buffer for polygalacturonic and trigalacturonic acids was 55 and 45 respectively. 
Reducing group liberation and viscosity changes were followed by pectic acid reaction mix- 
tures (Fig. 5). Immediately after the onset of the reaction, liberation of reducing groups 
proceeded linearly and, after reaching approximately 35 per cent hydrolysis, rates proceeded 
to decrease to about 65 per cent hydrolysis within 2 hr. Monogalacturonic acid could be 
detected only during the second phase of hydrolysis and accounted for splitting of 9 per cent 
of the galacturonide bonds. The appearance of low-molecular weight oligogalacturonides 
during pectic acid hydrolysis was followed by paper chr0matography.r i Tri- and digalactu- 
ronic acids were detected on chromatograms only at the end of the linear phase of hydrolysis 
and were later followed by the appearance of monogalacturonic acid. A rapid decrease in 
relative viscosity was also observed. (Fig. 5). 

” I. BARASH, I’h~to~~hobg~~ 58,1364 (1968). 
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DISTANCE (cm) 

FIG. 4. ~~OpHoRerrC~rrUnONPA~~OPPARTuLLYpuRlpIED PoLYGALAcruR0NAses. 
0-0, Enzyme preparation of infected tissue after DE!AE cellulose chromatography (Fig. 2); 

a-0, fimgal polygalacturonase after CMC chromatography. 
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TIME (min) 
FIG. 5. HYDROL~~~S~F~E~I~~A~IDB~THB~~N~AL ENZYMEASAFUNCTlONOFTlME. 

l -•,Total hydrolysis, measured by liberation of reducing groups with DNS; A- A, formation 
of free gala&r& acid as measured with naphth~rcinol reagent; O-O, reduction in rela- 
tive viscosity. Relative viscosity is detined as the ratio of substrate viscosity to viscosity of the 

but&r solution in which it is dissolved. 

The effect of chain length and esterifkation percentage of substrates on the activity of 
fungal polygalacturonase was investigated. The relative rate of hydrolysis of pectic acid 
(DP = 112), polygalacturonic acid (DP = 12.7), ester&d peck acid, ester&d polygalae 
turonic acid and trigalacturonic acid was 25,20,10,6 and 1, respectively. Di@acturonic 
acid was not hydrolyzed after incubation at various pH for 4 hr. 
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Fungal enzyme preparations obtained from infected avocado tissue or from autoclaved 
avocado slices were found to have identical properties. Attempts to detect polygalacturonate 
trans-eliminase and pectinesterase in the purified fungal preparation, produced negative 
results. 

E#ect of Temperature Inactivation and Substrate Concentration on Avocado and Fungal 
Polygalacturonases 

The stability of the partially purified polygalacturonases from invaded and uninvaded 
tissues (after DEAE column) or fungal enzyme (after CMC column) at various temperatures 
is given in Fig. 6. 1 ml portions of enzyme were heated at indicated temperatures for 10 min 

10 

TEMPERATURE ("Cl 
FIG. 6. TEMPERATUIWINACIWATION~FFUNGALANDAVOCADO~~LYGALACTURONASES. 

A- A, Enzyme preparation of infected tissue; O-O, ewyme preparation of uninvaded tissue; 
O-0, fungal enzyme from sterilized avocado culture. 

and then immediately cooled and assayed for activity. Linear inactivation curves were ob- 
tained with enzyme preparations of the uninvaded tissue of inoculated fruit and the fungal 
enzyme. This linear pattern of temperature inactivation indicates a single polygalacturonase. 
The fungal enzyme was more stable to temperature inactivation than the avocado enzyme. 
The sharp break in relative activity of the polygalacturonase from infected tissues (Fig. 6) 
clearly indicates that it contains two enzyme components. The fungal enzyme appears to have 
a higher affinity towards pectic acid than the avocado enzyme. The K,,, values for fungal and 
avocado polygalacturonases were 0.051 per cent and O-083 per cent, respectively. The 
maximal velocity was, however, higher with the avocado enzyme. 

DISCUSSION 

Based on the pattern of action on pectic acid (Fig. 5) and higher activity towards non- 
methylated substrates, the fungal enzyme can be identified as an endo-polygalacturonase. A 
fall in the noted pH of trigalacturonic acid cleavage and lower activity towards oligalacturon- 
ides were reported for other purified endopolygalacturonases.‘2-‘4 
la I. BMAW and Z. EYAL, Phytoputhology, in press. 
l3 A. L. m and H. J. PHAFF, J. Biol. C&m. 210,381(1954). 
“P.J. MILL andR. TlJTTOI#ELL4I,&dleWLJ. 19,57 (1961). 
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The avocado polygalacturonase was also classified as a member of the endopolygalactu- 
ronases.* Although both the avocado and the fungal enzyme exhibit a similar pH optima of 
55 with pectic or polygalacturonic acid, they differ in other ways. The avocado endo- 
polygalacturonase produces a slow but distinct hydrolysis of digalacturonic acid and 
degrades pectic acid completely to ogalacturonic acid.8 By contrast, the fungal endopoly- 
galacturonase is incapable of attacking digalacturonic acid, and the accumulation of mono- 
galacturonic acid during pectic acid hydrolysis reaches only 9 per cent of the total galacturon- 
ide bonds split. The avocado enzyme is more sensitive to temperature inactivation (Fig. 6) 
and has a lower afhnity but higher maximal reaction velocity with pectic acid as compared 
to the fungal enzyme. The two enzymes also showed different electrophoretic mobility and 
adsorption properties on CM-cellulose. 

The observation that fungal endopolygalacturonase constitutes only 16 per cent of the 
total polygalacturonase activity in the invaded tissue suggests that the avocado enzyme plays 
a major role in tissue maceration during anthracnose rot development. Furthermore, the 
appearance of avocado endopolygalacturonase is substantially induced in healthy parts of 
inoculated fruits (Fig. 1) while the fungal enzyme is limited to the infected areas. Thus the 
fruit seems to be predisposed by the pathogen for further invasion by stimulation of host 
polygalacturonase and tissue degradation. 

The avocado fruit has the distinctive feature of remaining firm as long as the stem of the 
fruit is attached to the tree. After picking, it undergoes a ripening period with an upsurge in 
respiratory activity at the end of the maturation phase.is This phenomenon is known as the 
‘climacteric rise” in respiration and it is followed by final degradation of the fruit tissue. The 

protoplasmic disorganization during the phase of senescence is associated with pectin break- 
down and endopolygalacturonase activity. The “climacteric rise” may be affected by a 
controlling balance between pectic enzymes, ethylene, auxin and other growth-regulating 
substances.15 It thus appears that the invaded fungus has the capacity to trigger processes 
causing a rapid ripening and senescence. Ethylene, which is a common metabolic product of 
fungP and diseased or injured plants,” may lx involved in the above phenomenon. How- 
ever, we have observed that neither injured nor sound fruits, which were kept for several days 
with infected fruits in a closed container, showed as marked a senescence as the infected avo- 
cados. It is, therefore, possible that factors other than ethylene may be involved in the 
mechanism of senescence induction by the pathogen. 

It is not known whether the development of avocado endopolygalacturonase with ripen- 
ing is the result of de 110~0 synthesis of the enzyme or enzyme activation. Enzyme activation 
may occur by removal of an inhibitor present in the tissue or changes in enzyme conformation 
from an inactive to an active form. Although immature avocados were shown to contain a 
polygalacturonase inhibitor,* it is not clear whether or not it remains active upon maturation. 
Richmond and Bial’* detected protein synthesis during the early stage of climacteric rise in 
avocado fruit. Thus the possibility that enzymes, which catalyze the final breakdown of the 
cell, are synthesized during this period, should be investigated. Avocados affected by 
anthracnose provide a suitable model for studying the control of endopolygalacturonase 
activity during the ripening period. 

Is J. B. Bum, Schce 146,l (1964). 
I6 J. B. Buu, Sc&mx 91,458 (1940). 
” S. P. BURG, Ann. Rev. Phutt Physiol. 13,265 (1962). 
I8 A. Rmxnaom and J. B. BIAL, Arch. Biochem. Biophys. 115,211 (1966). 
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EXPERIMENTAL 

Method of Inoculatiotl 
A pathogenic strain of Colletotrichum gloeosporioi&s was isolated from infected avocado leavea and 

maims&d in avocado agar9 at 25”. Avocados of the Fuerte variety were used for inoculation tests immedi- 
ately after harvesting. The fruits were surface-sterilized with 70% ethanol and a window-likesection (lcn? x 
2mmthick)wascutandsliehtlyraisedabovethepatlsurface. Fungalsporeswerethenmsertedbeneaththe 
sectloned peel and the wound ~88 covered with sterilii para&. When fruits were held at 25” necrotic 
lesions appeared within 2-3 days. The lesions developed as black spots surrounding the inoculation site and 
reached a diameter of about 2-S cm after 10 days. The fun8us penetrated into the flesh of the fruits to a depth 
of approximately 1 cm and the invaded tissue became discolored. Samples of uninvaded tissue were taken for 
extraction at a distance of at least 10 cm from the discolored spot. Lesion appeamnce was immediately 
followed by softening in almost all parts of the fruits: in control (unhroculated) there was only very slight 
Eoftenh@ after 7 days. 

Polygalacturonase Assay 

Di- and tri&ac&onic acid were prepared according to Hasegawa and Nageli and were further purified 
u&gtheprocedure~fPhalfandLuh.‘~ Determhra tion of average degree of polymerization (DP) has been 
described previously.” 

The oligouronidco produced single spots after paper chromatography and had DP values of 2-04 and 297 
for the dhner and trimer, respectively. Sodium polypectate, pectic acid (Nutritional Biochemical Corp., 
Cleveland, Ohio) and polygdactur~nk acid (Schuchardt, Mtinchen) had an anhydro8aHcuuonic acid 
come&* of 62%, 84% and 92% respectively. Methyl eaters of pectic and polygalacuuonic acids were 
pmpared according to M&ready and Seegmiller. a9 Analyses showed that 52% of the carboxyl groups were 
ester&d with methanol. All substrates were of analytical grade. 

Unless otherwise stated the enzymatic reaction mixture contained O-25 % pectic acid, @l-O-5 ml enzyme 
preparation, 50 qoles acetate bu&er, pH 55, and water to make a total volume of 1 ml and was carried out at 
30”. A reaction mixture of heat-denatured enzyme served as a control. Enzyme activity was de&mined by 
measuring reducing group liberation with a dinitrosalycilic acid (DNS) reagenta3 using galacturonic acid as a 
standard. The calorimetric method of Somogyi12’ as modified by Pate1 and Phatf,5 was used for measurhq 
the rate of hydrolysis of oligogalacuuonides. The appeamnce of free gaR&uo& acid was determmed by a 
mod&d naphthoresorcinol procedure. ” Gne unit of poly@cturonase ~88 defined as being the amount of 
enzyme catalyzing the release of 1 mg @acturonic acid per hour under the above conditions. Viscometrlc 
measurements for polygahwturonase have been previously described.” 

Extraction and Fractionation Proceabres 

For POW- extraction, the fruit part was cut into slices and suspended (1: 1, w/v) in ice-cold 
0.1 M acetate buffer, pH 65, containing 6 % NaCl. The suspension was homogenhxd in a blender for 2 min 
and immediitely cooled to 4”. The resulthr8 homogenate was ground with one part (v/v) of acid-washed sand 
in a chilled mortar. The icecold but&r was added in small in crements and the grhrdin8 was continued until 
5 parta (v/v) of bulfer had been added. The suspension was filtered through four layers of cheese-cloth and 
centrifuged at 10,000 g for 20 min. Lipids, which constitute the upper layer of the supematant, were removed 
by suction. The supernatant was dialyzed for 3-4 days against water at 4“ and was used as a crude enzyme 
preparation. 

Celhrlose N,Ndiethylaminoethyl ether (DEAE) was obtained from Whatman and prepared according to 
Reymond and Phatf? The cellulose was packed into a column (1.5 x 20 cm) and washed with 108 ml distilled 
water. The enzyme preparation was then placed on the column and washed with 100 ml of O-005 M phosphate 
bulfer, pH 8. Enzyme elution was carried out by a 8radual increase in b&z strength and decrease in pH.O 
Carboxymethykelhrlose (CMC) cohunns were prepared aa described elsewhe# and equilibrated with 
0.05 M acetate buffer of pH 45. Enzyme elution was performed by gradient increase in N&l concentration 
from 0 to O-5 M. All purification procedures took place at 4”. 

l 9 S. ~AWA and C. W. NAOEL, J. Food Sci. 31,834 (1966). 
9o H. J. m and B. S. Luu, Arch. Biochem. Biophys. 36,231(1952). 
I1 E. A. McCordn and R. M. M-Y, Anal. Chem. 24,163O (1954). 
a1 R. M. M-Y and G. C. Sax+-, Arch. Biochem. Biophys. 50,440 (1954). 
a3 G. L. MILLER, Anal. Chem. 31,426 (1959). 
24 M. So~ooyr, J. Biol. Chem. MO,61 (1945). 
2s M. B. RAGMAN and M. A. JcwLnr, Fhc&&s. 18,308 (1953). 
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The method of Omstein and DavW was used for dii ehxtroplmesis on polyacrylamide gel. Tris 
acid bu&r, pH 8-3, was used with a current regulated to 

gels were cut into sections of @125 an each and tested for pov 
activity.*~ ‘Amount of protein was determined by the method of Lowry et 01.” usin bovine serum albumin 
fraction V as a standard. 

I6 L. C)armm~ and B. J. DAW, Disc Electrophoresis Distillation Pmducts Industry, Rocbcster, New York 
(1962). 

*’ D. H. LOWRY, N. J. Rosamoumi. A. L. FM and R. J. RANDELL, J. Biof. Chem. 193,265 (1951). 


