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Agglutination of Plant Protoplasts by Fungal Cell Wall Glucans 

Abstract. Glucans, called elicitors, isolated from cell walls of Phytophthora in- 
festans, caused rapid agglutination and death of protoplasts isolated from potato 
leaf tissue. Cells incubated with high concentrations of elicitor were rapidly killed, 
but did not agglutinate. Agglutination and cell death did not occur with any of sever- 
al commercial polysaccharides including laminarin, but laminarin did inhibit elicitor- 
mediated agglutination. The results are consistent with the existence of specific elic- 
itor receptor sites on the outer surface of potato leaf plasma membranes. 
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when applied to various plant tissues (2). 
Phytoalexins are fungistatic compounds 
that are synthesized by a plant in re- 
sponse to invasion by a microorganism. 
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Fig. 1 (left). Potato leaf protoplasts that were incubated for 10 minutes with an elicitor from P. 
infestans at a final concentration of 250 ,ug of D-glucose equivalents per milliliter (x 
800). Fig. 2 (right). Potato leaf protoplasts that were incubated for 1 hour with laminarin at 
a final concentration of 1000 ug/ml (x 800). 
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800). Fig. 2 (right). Potato leaf protoplasts that were incubated for 1 hour with laminarin at 
a final concentration of 1000 ug/ml (x 800). 

Table 1. Laminarin inhibition of elicitor-medi- 
ated agglutination of potato protoplasts. 

Laminarin Agglutination 
(.gIml) 10 minutes 1 hour 

0 ++++ ++ +++ 
8 ++++ +++++ 

16 + + + + + 
31 ++ + + + + 
62 + ++ ++ 

125 + + + + 
250 + ++ 
500 + ++ 

1000 + +- 
2000 + + 
4000 + + 
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suspected to be a mechanism of disease 
resistance (3). Elicitors may thus be ini- 
tiators of plant disease resistance. Man- 
carella (4) and Kota and Stelzig (5) have 
obtained evidence based on the elec- 
trophysiology of elicitor-treated potato 
petiole tissue that elicitor-mediated re- 
sponses may be initiated at the outer sur- 
face of plant plasma membranes. 

Our research was based on two prem- 
ises: (i) that elicitor receptors exist on 
the outer surface of potato leaf plasma 
membranes and (ii) that elicitors are mul- 
tivalent and therefore should be able to 
agglutinate isolated potato leaf proto- 
plasts. 

Cell walls of Phytophthora infestans 
(Mont.) de Bary were isolated by the 
method of Ayers et al. (6) and homoge- 
nized with laminaranase, a commercial 
preparation of /3-1,3-glucanase (7). The 
homogenate was dialyzed (Spectrapor, 
3500-MW cutoff) at 37?C against 6 liters 
of the homogenization buffer. The dial- 
ysis tubing was changed at 24-hour inter- 
vals, and after 72 hours the dialyzate was 
subjected to sequential cation and anion 
exchange or Bio-Gel P-2 chromatogra- 
phy (8). 

Kennebec potato plants were grown 
(9) and protoplasts were isolated from 
well-expanded leaflets (10). 

In initial experiments, 1 ml of pro- 
toplasts containing 2 x 105 cells were 
mixed with 1 ml of osmotically balanced 
salt solution or a similar solution con- 
taining elicitor isolated by ion exchange 
or a commercial polysaccharide. The 
protoplasts incubated with elicitor ag- 
glutinated within 10 minutes, whereas 
there was no agglutination with salt solu- 
tion or the commercial polysaccharides 
even after 60 minutes (Table 1). The pro- 
toplasts incubated with elicitor aggluti- 
nated in about 3 minutes, and by 10 min- 
utes debris had accumulated in the mass 
of agglutinated cells (Fig. 1). The nature 
of this debris is not known, but it is pos- 
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Final 
Fon- Agglutination con- 

Compound centra- 
tion 10 min- 1 

(,ug/ml) utes hour 

Elicitor 250 + + 
Laminarin 8 to 1000 - 
Soluble carboxymethylcellulose (high viscosity) 250 to 1000 - 

Soluble carboxymethylcellulose (low viscosity) 250 - - 
Glycogen 250 to 1000 
Gum arabic 250 to 1000 - - 

Inulin 250 to 500 - - 
Pectin (four preparations) 250 to 1000 - - 

Soluble starch 250 to 1000 - - 
Isotonic salt - - 
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sible that it is cytoplasmic material from 
the protoplasts. The only evidence of 
this is that nearly all of the agglutinated 
cells were dead 10 minutes after the addi- 
tion of elicitor, as shown by staining with 
fluorescein diacetate (11). In contrast, 
protoplasts incubated with salt solution 
or any of the commercial polysaccha- 
rides at the concentrations shown in 
Table 1 did not agglutinate the pro- 
toplasts, did not cause debris accumula- 
tion (Fig. 2), and did not result in cell 
death. 

The remainder of the studies were 
done with elicitor isolated by Bio-Gel 
chromatography because substantially 
lower concentrations of elicitor were re- 
quired to cause agglutination (21 versus 
250 ,ug of D-glucose equivalents per mil- 
liliter). Agglutination occurred when 
protoplasts (1 x 105 cells per milliliter) 
were incubated for 10 minutes with this 
elicitor preparation at a concentration of 
21 ,ag of D-glucose equivalents per mil- 
liliter, but not at concentrations lower 
than 10 ,ug or higher than 60 ,/g of D-glu- 
cose equivalents per milliliter. The ag- 
glutinated cells were dead and had the 
same appearance as those shown in Fig. 
1. The cells incubated with elicitor at 
high concentrations were killed even 
though they did not agglutinate. 

Laminarin did not agglutinate proto- 
plasts, but it did inhibit elicitor-mediated 
agglutination when the laminarin was in- 
cubated with the protoplasts for 10 min- 
utes prior to the addition of elicitor at a 
final concentration of 21 ,tg of D-glucose 
equivalents per milliliter (Table 2). Lam- 
inarin did not reverse agglutination once 
it had occurred. 

The data presented are consistent with 
the existence of elicitor,receptor sites on 
the outer surface of potato leaf plasma 
membranes. If this is the explanation of 
elicitor-mediated agglutination, it is evi- 
dent that the elicitors isolated by our 
procedure are multivalent. The proposed 
receptors are capable of being saturated, 
as shown by the lack of agglutination 
with high elicitor concentrations. They 
are probably specific for /3-1,3-glucan 
portions of the elicitor molecule because 
laminarin inhibits the agglutination. 

The elicitor used in our studies was 
isolated from a race of P. infestans 
that can easily infect Kennebec potato 
plants. Thus, our research does not elu- 
cidate the mechanism of race specificity. 
It is possible that race-specific elicitors 
do exist (12), but this character is lost 
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tor. It is also possible that race specifici- 
ty is due to other chemicals working in 
concert with elicitors (6), or that elicitors 
are released from the cell walls of an in- 
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vading fungus only if the plant being pen- 
etrated has a substantial amount of 
resistance to that race of the fungus. 

BRIAN M. PETERS 
DAVID H. CRIBBS 

DAVID A. STELZIG 
Plant Sciences Division, West Virginia 
University, Morgantown 26506 

References and Notes 

1. P. Albersheim, A. R. Ayers, Jr., B. S. Valent, J. 
Ebel, M. Hahn, J. Wolpert, R. Carlson, J. Su- 
pramol. Struc. 6, 599 (1977). 

2. J. Kuc, Annu. Rev. Phytopathol. 10, 207 (1972). 
3. N. Keen, J. Partridge, A. Zaki, Phytopathology 

62, 768 (1972). 
4. D. Mancarella, thesis, West Virginia University 

(1976). 
5. K. A. Kota and D. A. Stelzig, Proc. Am. Phy- 

topathol. Soc. 4, 216 (1977). 
6. A. R. Ayers, B. Valent, J. Ebel, P. Albersheim, 

Plant Physiol. 57, 766 (1976). 
7. A Teflon pestle attached to a motorized drive 

was used to homogenize (at room temperature) 
500 mg of cell wall and 50 ml of 0.05M sodium 
acetate buffer, pH 5.0, in a tight-fitting glass 
tube. When the slurry was homogeneous, 50 mg 
of laminaranase was added, and the homoge- 
nization was continued for 30 seconds. 

8. The dialyzate was passed through a column (2 
by 55 cm) of Dowex 50W-X8 in the H+ form, and 
the column was washed with water until the 
eluate was nearly neutral. This eluate was then 
passed through a column (2.5 by 37 cm) of Am- 
berlite IR-45 in the OH- form, and the column 
was washed with three bed volumes of water. 

vading fungus only if the plant being pen- 
etrated has a substantial amount of 
resistance to that race of the fungus. 

BRIAN M. PETERS 
DAVID H. CRIBBS 

DAVID A. STELZIG 
Plant Sciences Division, West Virginia 
University, Morgantown 26506 

References and Notes 

1. P. Albersheim, A. R. Ayers, Jr., B. S. Valent, J. 
Ebel, M. Hahn, J. Wolpert, R. Carlson, J. Su- 
pramol. Struc. 6, 599 (1977). 

2. J. Kuc, Annu. Rev. Phytopathol. 10, 207 (1972). 
3. N. Keen, J. Partridge, A. Zaki, Phytopathology 

62, 768 (1972). 
4. D. Mancarella, thesis, West Virginia University 

(1976). 
5. K. A. Kota and D. A. Stelzig, Proc. Am. Phy- 

topathol. Soc. 4, 216 (1977). 
6. A. R. Ayers, B. Valent, J. Ebel, P. Albersheim, 

Plant Physiol. 57, 766 (1976). 
7. A Teflon pestle attached to a motorized drive 

was used to homogenize (at room temperature) 
500 mg of cell wall and 50 ml of 0.05M sodium 
acetate buffer, pH 5.0, in a tight-fitting glass 
tube. When the slurry was homogeneous, 50 mg 
of laminaranase was added, and the homoge- 
nization was continued for 30 seconds. 

8. The dialyzate was passed through a column (2 
by 55 cm) of Dowex 50W-X8 in the H+ form, and 
the column was washed with water until the 
eluate was nearly neutral. This eluate was then 
passed through a column (2.5 by 37 cm) of Am- 
berlite IR-45 in the OH- form, and the column 
was washed with three bed volumes of water. 

The combined eluate was then concentrated to 
60 ml by flash evaporation at 40?C. In the second 
method, the dialyzate was first concentrated to 
60 ml, and a portion containing 5 mg of carbohy- 
drate was placed on a column (0.9 by 40 cm) of 
Bio-Gel P-2. The eluate was collected in 2-ml 
fractions, with water as the eluant. The fractions 
in the single peak of elicitor held up by the col- 
umn that contained at least 60 ,g of carbohy- 
drate were then pooled. The elicitors isolated by 
both of these methods caused necrosis and phy- 
toalexin synthesis when added to slices of po- 
tato tubers. 

9. J. F. Shepard and R. E. Totten, Plant Physiol. 
60, 313 (1977). 

10. A portion (1 g) of leaflets was surface sterilized, 
cut into strips (1 by 5 mm), and incubated in the 
dark for 1 hour with 20 ml of preplasmolyzing 
solution, composed of 0.1 mM CaCl2 in 0.4M 
mannitol. The leaflet strips were then vacuum- 
infiltrated with 20 ml of enzyme solution con- 
taining salts [E. M. Frearson, J. B. Power, E. C. 
Cocking, Dev. Biol. 33, 130 (1973)], 0.5 percent 
Cellulysin (Calbiochem), and 0.1 percent pectin- 
ase (Sigma) in 0.4M mannitol, pH 5.6. The flasks 
were shaken at 84 rev/min at 31?C for 4 hours in 
the dark. The clusters of tissue were broken 
up by tapping the flasks and filtered through one 
layer of Miracloth (Calbiochem). The filtrate was 
centrifuged at 100g, and the protoplasts were 
purified [D. W. Galbraith and D. H. Northcote, 
J. Cell Sci. 24, 295 (1977)]. The protoplasts were 
washed three times with isotonic salt solution 
(0.2M KCl, 0.01M CaCI2, and 0.02M tris-HCl 
buffer, pH 7.2) and tested for viability (11). 

11. P. J. Larkin, Planta (Berl.) 128, 213 (1976). 
12. N. T. Keen, Science 187, 74 (1975). 
13. This is Scientific Paper 1522 of the West Virginia 

Agricultural Experiment Station, Morgantown. 

1 February 1978; revised 11 April 1978 

The combined eluate was then concentrated to 
60 ml by flash evaporation at 40?C. In the second 
method, the dialyzate was first concentrated to 
60 ml, and a portion containing 5 mg of carbohy- 
drate was placed on a column (0.9 by 40 cm) of 
Bio-Gel P-2. The eluate was collected in 2-ml 
fractions, with water as the eluant. The fractions 
in the single peak of elicitor held up by the col- 
umn that contained at least 60 ,g of carbohy- 
drate were then pooled. The elicitors isolated by 
both of these methods caused necrosis and phy- 
toalexin synthesis when added to slices of po- 
tato tubers. 

9. J. F. Shepard and R. E. Totten, Plant Physiol. 
60, 313 (1977). 

10. A portion (1 g) of leaflets was surface sterilized, 
cut into strips (1 by 5 mm), and incubated in the 
dark for 1 hour with 20 ml of preplasmolyzing 
solution, composed of 0.1 mM CaCl2 in 0.4M 
mannitol. The leaflet strips were then vacuum- 
infiltrated with 20 ml of enzyme solution con- 
taining salts [E. M. Frearson, J. B. Power, E. C. 
Cocking, Dev. Biol. 33, 130 (1973)], 0.5 percent 
Cellulysin (Calbiochem), and 0.1 percent pectin- 
ase (Sigma) in 0.4M mannitol, pH 5.6. The flasks 
were shaken at 84 rev/min at 31?C for 4 hours in 
the dark. The clusters of tissue were broken 
up by tapping the flasks and filtered through one 
layer of Miracloth (Calbiochem). The filtrate was 
centrifuged at 100g, and the protoplasts were 
purified [D. W. Galbraith and D. H. Northcote, 
J. Cell Sci. 24, 295 (1977)]. The protoplasts were 
washed three times with isotonic salt solution 
(0.2M KCl, 0.01M CaCI2, and 0.02M tris-HCl 
buffer, pH 7.2) and tested for viability (11). 

11. P. J. Larkin, Planta (Berl.) 128, 213 (1976). 
12. N. T. Keen, Science 187, 74 (1975). 
13. This is Scientific Paper 1522 of the West Virginia 

Agricultural Experiment Station, Morgantown. 

1 February 1978; revised 11 April 1978 

Rabies: Decimation of a Wolf Pack in Arctic Alaska 

Abstract. In a pack of ten wolves, one wolf behaved atypically and fought with 
several packmates. This wolf was shot when it approached the author. Within 4 
weeks at least six other members of the pack were dead. Rabies was confirmed in the 
wolf that was shot and in two others that had not decomposed. Most of the wolves 
infected with rabies had sought or remained at familiar areas in the core area of their 
territory, which implies that they were not contacting neighboring packs. This was 
confirmed with an aerial survey. Arctic foxes, experiencing a regionwide rabies epi- 
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Rabies, a viral disease affecting the 
nervous system, causes altered behav- 
ior, paralysis, and death in most mam- 
mals. It is transmitted by introduction 
of virus-laden saliva into a bite wound, 
by ingestion of infected material (1), or 
by inhalation of contaminated air (2). 
Knowledge of the effect of rabies on 
family groups, behavior of normal ani- 
mals in contact with rabid conspecif- 
ics, and behavior and movements of 
rabid animals would lead to better un- 
derstanding of the persistence of rabies 
in wildlife populations (3). In this report I 
describe the behavior of rabid wolves in 
the wild. 

Reports of rabies in wolves (Canis 
lupus) have dealt almost exclusively with 
attacks on man (4). Rabies has rarely 
been recorded in wolves in North Ameri- 
ca. In Alaska, for example, there were 
only six laboratory-confirmed cases be- 
fore 1977 (5-7). Most rabid wolves in 
North America were reported during 
rabies outbreaks (epizootics) in arctic 

zootic, were suspected vectors. 
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by ingestion of infected material (1), or 
by inhalation of contaminated air (2). 
Knowledge of the effect of rabies on 
family groups, behavior of normal ani- 
mals in contact with rabid conspecif- 
ics, and behavior and movements of 
rabid animals would lead to better un- 
derstanding of the persistence of rabies 
in wildlife populations (3). In this report I 
describe the behavior of rabid wolves in 
the wild. 

Reports of rabies in wolves (Canis 
lupus) have dealt almost exclusively with 
attacks on man (4). Rabies has rarely 
been recorded in wolves in North Ameri- 
ca. In Alaska, for example, there were 
only six laboratory-confirmed cases be- 
fore 1977 (5-7). Most rabid wolves in 
North America were reported during 
rabies outbreaks (epizootics) in arctic 

foxes (Alopex lagopus) or red foxes (Vul- 
pes vulpes) (5, 8-10). Wolves seem to be 
an important reservoir or vector of rabies 
only in the eastern Mediterranean (11). 

Rabies is enzootic in fox populations 
in tundra regions of Alaska (6, 12, 13), 
and in 1976 an epizootic began in arctic 
foxes along the Arctic Coast (7). In the 
summer of 1977 I documented an out- 
break of rabies in a pack of wolves in the 
upper Hulahula River valley on the north 
slope of the Brooks Range in north- 
eastern Alaska (Fig. 1). In the summer of 
1976 I had studied the effects of human 
disturbance on this pack (14) and in 1977 
had begun a study of its behavior. I was 
in the Hulahula valley from 5 June to 18 
July, 2 to 10 August, and 12 August to 12 
September 1977. Homesites (15) were 
observed for wolf activity from approxi- 
mately 1.0 km with a spotting scope for a 
total of 160 hours between 8 June and 18 
July. In June, two wolves were captured, 
immobilized, fitted with radio-trans- 
mitting collars, and released at their cap- 
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