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CHAPTER ONE 

INTRODUCTION, LITERATURE REVIEW, OBJECTIVES 
( 

Chestnut .blight, incited by Endothi~ .E..S~asitica (Murr .. ) 

P.J.&H.}J. And., is a bark disease of the American chestnut 

Castanea dentata (Marsh.) Borkh. The fungus causes a peren-

.nial ca.nker on diseased trees. Fungal mycelia and hyphae 

grow through the bark, vascular cambium and outer rings of 

xylem, killing these tissues. Infection and colonization 

result in death of distal parts of a stem when it is encir-

cled by a canker. Frequently, encirclement of a stem 

results in rapid wilt of the stem's leaves. The wilting is 

associated with an increase, at the canker, of resistance to 

water -flow in the xylem and concurre,nt formation of tyloses 

( 11) • Kitajima {35) and Bazzigher ~) first showed that 

chestnut (35) and tomato (5) cuttings were wilted by toxins 

[1ater identified and named diaporthin (31) and skyrin (23) ] 
x 

found in culture filtrates o,f E. parasitica.' These toxins 

have not been isolated from cankers, but oxalic acid, a sus-

pected toxin, has been isolated from cankers (39). The role 

of oxalic acid in the rapid wilt syndrome has :not been ' 

investigated, but Noyes and Hancock 1 s findings (41) with 

sunflower suggest that it may be involved. 

Blight has removed the American chestnut from commer-

cial timber production in the Uni·ted States, although numer-

-1-
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ous stump sprouts are present in forests. There are a 

num.ber of reasons why it would be desirable to control 

chestnut blight* so as to restore co.uunercial chestnut timber 

production. First, the disease threatens to destroy this 

species. Chestnut is self-sterile {15), and only scattered 

individuals flower (38}, so there is little fruiting in 

nature at present. Therefore, the tree probably could not 

migrate to refugia in the event of an ice age or other con-

tinental catastrophe (37). Additionally, there are reports 

that the surviving sprouts appear to he decreasing in number 

{36), although larger data sets collected over long periods 

do not support this conclusion (45). Second, there is a 

large potential economic benefit to controlling chestnut 

blight. The tree used to be the most valuable single spe-

cies in the Eastern hardwood forest (4, 13, 34, 48). As 

will become evident in this dissertation, chestnut sprouts 

still compete vigorously with other tree species in clear-

cuts, so there is no doubt the tree could be 9rown to com-

mercial size in the absence of blight. Third, there is 

a.biding public interest in restoration of the American 

chestnut.. .Fourth, with only about 20 major forest crop spe-

cies, how many diseases of this intensity can be endured? 

Fifth, the question of how a tree pathogen can be so des-

tructive to a well established, diversified, natural popula-

tion is important from a scientific viewpoint. 
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T.he only practical control strategies for management of 

c.hestnu t .b.ligh t are to increase resistance in the host or to 

decrease pathogenicity in the parasite. Eradication, pro-

tection and therapy are impractical with a widely distri-

buted host tree and parasite. 

Since the 1920's, people have been attempting to breed 

blight-resista.nt chest.n-uts which could replace the original 

population of American chestnut (8)'"' The first e.fforts con-

centrated on interspecific hybridization of American chest-

nut with Japanese ( £. er en a ta sieb & zucc.) and Chinese (£. 

mollissima Blume) chestnut. The goal was to combine the 

blight resistance of the Oriental species with the form and 

growth rate of the American species.. Jaynes (33) states 

three reasons why these efforts have been unsuccessful to 

date: "1) the lack of satisfactory means to screen young 

seedlings for .blight resistance; 2) no ready means to vege-

tatively propagate and thus test selections on their own 

roots; and 3) populations of hyb.rids have been too small to 

obtain the desired segregation." The blight resistance and 

poor form of Oriental chestnuts show genetic linkage. If 

blight resistance is controlled by more than one gene pair, 

obtaining segregation of resistance and form will require 

large populations. 

Clapper (14) and Jaynes and Graves (34) have stated 

that blight resistance is a recessive character, because F1 
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hybrids of Oriental and A~erican chestnut are blight 

susceptible. However, Clapper ( 15) states that both he and 

Graves consider the blig.ht. resistance of Fl int.erspecific 

hy.bri.ds to be intermediate .between that o.f their two par-

ents. After artificial inocu.lation, F1 hybrids survive 

blight longer {14) and more frequently (44) and sometimes 

show canker lengths ( 14) or canker characteristics {25) 

intermediate betwee.n the two parents.. From this, it is con-

eluded that blight resistance is under polygenic control 

(32) .. Incomplete dominance of resistance at one locus also 

can explain these findings, but it cannot explain the high 

proportion of resistant trees observed by Clapper in back.-

crosses of Chinese-.Amec:ican hybrids on Chinese chestnut • • 
Graves• establishment of five blight resistance classes 

indi.cates t.hat more tr1an one locus controls resista,nce since 

chestnut is .not an allopolyploid (32) .. Stronger inferences 

about the mode of inheritance of blight resistance could be 

lllade if data were pub1ished concerni.ng t.he .frequencies of 

canker areas or the resistance classes for F1 and F2 progeny 

from controlled crosses. 

I regressed t11e midparent value (the .mean for the two 

parents) versus the progeny mean va.lue of canker area times 

percent infected trees and obtained slopes of 0.185 for 

Clapper's data (14) and 0.26 for Berry's data (10). These 

are estimates of the he.ritability of blight resistance (43) 
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in the Castanea section of the genus Castanea. They may be 

low because, while the canker areas of Japanese-American and 

Chinese-American hybrids were similar to those of the Ameri-

can parent, far fewer hybrids were killed; this indicates 

that the large cankers on the hyb.rids did not extend to the 

vascular cambium. Thus, canker a.rea probably is not al-ways 

a reliable g:ua.ntitative estimator of resis·tance, as Baz-

zigher and Schmid (7) reported. Bazzigher and Schmid (7) 

also cautioned that inoculation failure is not a reliable 

estifilate of resistance. The percent infect€d tree values 

for Clapper 1 s and Berry's data are interpreted as freguen-

cies of canker expansion rather than frequencies of i.nocula-

tion failures. This is reasonable in view of the relatively 

high values for percent infected trees for the American par-

ents. 

A secoud approach employing resistance to control 

blight has been to use American chestnut exclusively or pri-

marily. . There have been two variants to t.his approach. The 

first has .been to irradiate seed of American chestnut with 

gamma rays or thermal neutrons to induce mutations. Muta-

tions for blight resistance would then be selected in pro-

geny of the second and subsequent generations (17). The 

second variant has been to select blight-resistant American 

chestnuts and to increase their resistance by some form of 

selection. Diller (18) first reported on efforts to select 
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bligh-t-resistant individuals fro.n1 large American chestnut 

trees with well established infections o-f ~· parasitica. 

Thor (46), Given and Haynes (24), Elkins et al (20), and 

Griffin et al (30), among others, have continued this 

effort. Griffin et al {30) measured the pathogenicity of 

tissue isolates from large, surviving American chestnut 

trees and single-conidium progeny of these isolates. They 

found evidence of :ceduced pathogenicity in an isolate from 

only one tree, suggesting that some of the large, surviving 

trees are blight resistant. 

Successful development of blight-resistant,American-

type chestnut trees is only the first step in using resis-

tance to control .blight. It will be necessary a.lso ·to 

establish the trees in large communities. The magnitude of 

that task is a strong motivation for attempts to control 

blight by reducing the pathogenicity of ~- parasitica, since 

American chestnut stump sprouts are common in forest commu-

nities. 

The European chestnut, £. sati va Mill .. , is almost as 

susceptible to blight as American chestnut (6, 10, 22, 25, 

44). However, after an initial 

Italy has decreased in incidence 

outbreak, the disease in 

and severity (40). The 

only possible explanation for the decrease is that the 

pathogenicity of !.. parasitica has decreased.. This is so 

because the decrease in incidence and severity occurred on 
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trees whose sprouts earlier had been .killed by blight (29). 

Many isolates of ] .. ,.Earasitic~ :from Ea.ropean c.hestnut, where 

disease .intensity had lessened, were white in vitro instead 

of yellow and showed reduced pathogenicity. Grente (26) 

termed these isolates hypovirulent because they shoved 

reduced pathogenicity. A strain of ~.. ,,Earasitica has 

reduced pathogenicity when it incites cankers which expand 

more slowly than normal and which are sloughed off the tree 

or else do not e.xtend to the vascular cambium throughol.!t 

their sur.fa.ce. 

When the uninfected periphery of a canker induced by a 

virulent (V) stra.i·n was i.nocula·ted with hypovirulent (H) 

strains, the canke.r healed and was sloughed off t.he tree. 

This sloughing of an estab.l.ished canker was te·rmed exclusion 

by Grente and Sauret (27). As heali.ng progressed, a pro-

gressively higher percentage o.f isolates from t.he canker 

were white iu color; this ind:icated transformation of the 

virulent strain to the hypovirulent form. Yellow V strains 

cou.ld be transformed to the white, H :for.m in vi~.Q, when two 

isolates were g.row.n side by side, indicating that hypovirn-

lence was transmissible. Thus Grente and Berthelay-sauret 

(29) :referred to transmissible, exclusive hypoviru.lence. In 

this dissertation., the term transmissible hypovirulence will 

refer to this phenomenon of transmissible, exclusive hypovi-

rulence .. The adjective hypovirulent when used to describe 
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an isolate wil.l refer to one which has some degree of 

reduced pathogenicity. 

Grente and Sau.ret (28) found that monoconidial isolates 

of white strains were white, ye.llov or two intermediate 

types, but monoconidial isolates of yellow strains were all 

yellow. Only the yellow isola·tes were virulent. . In their 

initial report (28), Grente and Sauret s·tated that ·the three 

types of hypovirule.nt monoconidial isolates continued to 

show segregation of colo.ny characteristics in subsequent 

monoconidial isolates, although one of the intermediate 

types (JR) segregated infrequently. Since most conidia 

appeared uni.nucleate, this suggested tha·t hypovirulence was 

due to a cytoplasmic determinant. Bonifacio and Turchetti 

{12) reported a similar pattern of segregation, but they 

reported that one of the intermediate ·types (corresponding 

to JR) did not segrega·te.. This suggested that hypovirulent 

strains were dikaryo·t~c. In a subsequent report (29), after ,__ ____ ...... 
additional evidence (based on auxotrophic mutants and analy-

sis for double-stranded ribonucleic acid to be described 

below) for the cytoplasmic :nature of the hypovirulence det-

erminant .had accumulated,. Grente and Berthelay-saure·t stated 

that the JR intermediate type did not segregate. The lack 

of segregation of the JR type suggests that the hypoviru-

lence determinant has become .incorporated (integrated) into 

the JR nuclear genome, given t.hat most conidia are uninu--

cleate and haploid. 
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Puhalla and A.nagnostakis (42) o.btained prototrophic 

heterokaryons of auxotrophic A· parasitica mutants. Mono-

conidial isolates of these we.re predomi.na.ntly auxotrophic 

(less than 0 .. 001:3 prototrophs), indicating that conidia are 

predomina.ntly uninucleate and haploid. Auxotrophic mutants 

of ye.llow, V strains and white. .H strains were allowed to 

grow together i.n .!itro (9) and in vivo (47). The yellow 

auxotcophs became vhite (9) and hypovirulent (47) but 

retained their nutritional requirement. !.!! vitro, the white 

auxotrop.hs transformed the yellow p.rototrophs to white pro-

trotrophs (9). Conidia p.rodaced by heterokaryons derived 

from white and yellow auxotrophs were vhite (and possibly 

yellow} and had the nutritional requirement of one or the 

other parent (47). Thus hypovirulence always was inherited 

independently of the auxotrophic character, strongly indi-

cating that hypovirulence is trans.mitted by a cytoplasmic 

However, these auxotrop.hs still g.rev in cul-

tu.re (42), so assessmen·t of the.ir auxotroph.ic nature was 

somewhat subjective. In mitigation, substantial additional 

genetic evide-.ace (based on mating type and ve9etati ve compa-

tibility type, see below) has accumulated for the cyto-

plasmic nature of the hypoviru1ence determinant. 

The determinant has been associated with the occurrence 

of double-stranded ribonucleic acid {dsRNA). - Isolates of j!. 

2arasitica which w.ere ·hypovirulent contained dsRNA and most 
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which were virulent did not (16, 19) .. Some H strains showed 

only one or t'wo hands of dsRNA after electrophoresis of 

extracts on polyacrylamide gels. Segregation of hypoviru-

lence in monoconidial isolates of these strains coincided 

with segregation of the dsUNA bands (21),. Trans£ormation of 

a V strain resulted in that strain containing a portion or 

all of the dsBNA hands of the donor Il strain (3). 

Not all. H strains convert all V strains to the hypovi-

rulent form, either in vivo {27) or in vitro (28). If two 

strains, one of which could and one o:f which could not be 

converted by one H st.rain, were grown side .by side in a 

petri p.late, a row of pycnidia, called a barrage, developed 

on each strain at their common border (1). There are at 

least 70 groups (called vegetative compatibility groups, v/c 

groups) in I· parasitica between which barrages form. Bar-

rages do not fo.rm between members of the same v/c group. 

However, H strains from one v/c group have converted V 

strains from more than one group (3). Among replicated 

pairings, the conversion frequency was 100% only when the H 

a.nd V strains were in the same v/c group. 

Inheritance of v/c group type appea.rs to :be under 

nuclear control: the v/c group of monoconidial isolates, 

whether H or V, conformed to that of the parental strain. 

Single-ascospore isolates from one ascus have never been 

reported to be in other than one, two or four v/c groups per 
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ascu.s .. However, a perithecium was found which contained 6 

v/c groups among random single-ascospore isolates and yet 

which contained also one ascus with single-ascospore iso-

lates in only one v/c group. T.hese patterns could be due to 

non-classical perithecial development {multiple karyoga.my) 

or to cytoplasmic factors controlling or influencing inheri-

tance of v/c group type (1) .. Mating between strains of ). 

Earasitica is not controlled .by v/c group .. It appears 

instead to be controlled by tvo alleles at a single locus 

(2) • 

A goal of chestnut research at Virginia Tech is to det-

ermine the reason for the survival of large, surviving Amer-

ican chestnut trees.; Since early evidence (30) indicated 

that hypovirulence Mas not an important factor in survival, 

it was decided to measure their resistance, to develop tech-

niques for use in a breeding program, and to explore the 

usefulness of large trees to using hypovirulence to control 

.blight .. It was decided also to explore the reasons for the 

in.fregueut occurrence of hypovirulence in America. 

With this in mind, the objectives of the research for 

this dissertation -were to: 

1) Examine histopathologically canker development 
in blight-resistant Chinese chestnut and large, 
surviving and blight-susceptible American chestnut 
inoculated with virulent and hypovirulent strains 
of ]. £ara.sitica. 
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2) Measure the blight-resistance of grafts and 
seed.lings from large, surviving American chestnut 
trees and determine the effect of resistance o.n 
biocontrol of .blight using hypovirulent strains of 
.£! .. ,2gF.~sitica. 

3) Describe blight progress in American chestnut 
coppice regenerating after c1earcutting, and com-
pare that to blight inc.idence among chestnuts grov-
ing as an understory of a site with poletimber-
size d trees. 

The purposes of the first objective were to provide a 

data base for developing methods of screening for blight 

resis·tance a.nd to increase our knowledge of how hypoviru-

lence affects canker anatomy. The purposes of the second 

objective were a) to determine whether the large, surviving 

trees were resistant and to measure t:he heritabil.ity of that 

resistance and b) to determine whether hypovi.rulence .might 

control blight better on blight-resistant than on blight-

susceptible American chestnuts. The purposes of the third 

ohjecti ve were a) to estimat€ optimal sites and conditions 

for deploying hypo-virulent strains as biocontrol agents and 

b) to develop a data .base for comparing t.he blight epidemics 

in America to those i:n Europe.. such a comparison could lead 

to a) a better understand.ing of the role of hypovirulence in 

b1ight remission in Europe, and b) a determination of 

whether and how hypovirulence could function similarly in 

America. 
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CHAPTER TWO 

DEVELOPMENTAL HISTOPATBOLOGY OF CANKERS INCITED BY 

HYPOVIBULENT AND VIRULENT ENDOTBIA PARASITICA ON 

SUSCEP'TIBLE AND RESISTANT CHESTNUT TREES 

Introduction 

One o.f the difficulties in .breeding American or 

timber-type chestnut trees for resistance to blight is the 

lack 0£ means of screening seedlings for blight resistance 

(35). Mccarroll (44), Samman {57), and Hebard and Kaufman 

(33) have identified some promising chemical indices of 

blight resistance, but whet.her these chemicals function in .. 
resista·nce is unknown. Hebard and Kaufman (33) observed the 

interaction of ~· ·.e.grasitica 1ilith chestnut callus tissue 
""~ 

cultures~from trees resistant and susceptible to blight, but 

could not relate their observations to the events of canker 

development on intact plants .. Knowledge of the 

histopathological characters which distinguish resistance 

reactions from susceptibility reactions could help clarify 

these problems. It would be helpful also to determining the 

cause of survival of la.rge A.merican chestnut trees long 

infected with ~· _Earasitica and the causes of formation of 

large, superficial cankers incited by hypovirulent isolates 

of ~- Rarasitica. 

-18- \ 
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The histopathology of blight cankers on American 

chestnut, £ .. den ta ta, was examined by Keef er (38) and 

Bramble (12), that on European chestnut1 £. sativa, by 

Bazzigher (8), Biraghi (11), and Grente and Berthelay-sauret 

(26,27) and that on Japanese chestnut, ~· crenata, .by Uchida 

(64). I know of no reports of the histopathology of blight 

cankers on bligh·t-resistant Chinese chestnut (£ .. 

mollissima). 

per iderm was 

It· appeared from these studies that wound 

central to resistance or hypovirulence 

reactions, hut it was not clear whether the rate or extent 

of wound periderm :f or.matio.n or whether the rate of fungal 

development characterized resistant and susceptible 

reactions. I examined the hypothesis that susceptibility 

was caused by a failure o.f formation of a wou.nd periderm 

induction barrier, w.hic.h occurred because ~- .Earasitica 

destroyed tannins, possible components o<.f the barrier. 

In order to distinguish among these possibilities, I 

have examined histopathologically the time-course of canker 

development in blight-resistant and 

chestnuts after inoculation with a 

hypovirulent strain of ]. 

blight-susceptible 

virulent and a 

Included in this 

examination was a study of the location of enzyme activities 

which might be involved in tannin metabolism. The purpose 

of the enzyme studies was to provide additio.nal stains for 

detecting gaps in wound periderm induction barriers and for 
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charact-erizing the interaction of ,Earasi tica wi·th 

chestnut callus tissue cultures. It was ;hoped tba·t the 

enzyme studies also ,would lead to a better understanding of 

the role of tannins in blig.ht resistance. 

Materials and Methods 

Three types o.f chestnut were inoculated. 1) Stump 

sprouts of £., derug g.rowing as an u.nderstory in a site 

with small savtimber in the J.efferson National Forest near 

Blacksburg, Virginia.o The sprouts we.re 2 to 3 .. cm in 

diameter at breast .hei<iht (1.4 m) (dhh) and were 

approxi1aately 10 to 20 .:years old. They were considered 

susceptible to blight. 2) Scions of £. mollissima cv 

Nanking grafted to £.. mollissima seedlings. The scions were 
. ,.-

approximately 25 years 'oid. One horizontally oriented 

branch, 3 to 6 cm in diameter was inoculated o.n each of four 

trees .. Cultivar Nanking has demonstrated field resistance 

to .blight (46).. . 3) .A large (>35 cm dbh), surviving American 

c.bestnut tree. 'fhe tree apparently is derived from a seed 

of ano·ther large (>100 cm dbh) American chestnut tree. The 

parent tree died recently as indicated by patches of bark 

clinging to its bole (25). The living tree is located about 

10 m from its presumed pacentao The lowest 2.2 m of the 

trunk of the living tree is completely encircled by a 

·v. ,, 
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superficial j. parasitica canker. Blight-free branches 3 to 

6 cm in diameter ~ere inoculated. I examined the hypothesis 

that this tree might be slightly or .moderately blight 

resistant .. 

Each type of tree was wounded to the phloem (ca 1 mm 

deep) (Figs. 1A and 1B) with a number t¥o cork borer (0.6 cm 

diameter) • 

inoculating 

Each wound was 

it with the 

treated by not inoculating it or 

highly pathogenic (virulent) 

isolate, CR (28) , or with the slightly pathogenic isolate, 

Ep66 (22), which has transmissible hypovirulence (see 

Chapter Three) • Thus, there were three treatments on three 

hosts for nine combinations. Eounds were spaced 

approximately ts cm apart. Inoculum vas washed mycelial 

balls (9) {approximately 0.5 cm diameter) grown at room 

temperature (approximately 27 C) in 75 ml of liquid Puhalla 

and Anagnostakis (54) medium in 250-ml Ehrlenmeyer flasks on 

a gyrorotary shaker (New Brunswick Scientific Co .. , Inc., New 

Brunswick, NJ} set at 120 rpm. After treatment, each wound 

was covered with masking tape, which was left on until 

sampling,. 

Two major time-course experiments were conducted, one 

in 1978 and one in 1979. A preliminary experimen~ using 

only Chinese and stump sprout American chestnut Yith the CR, 

virulent isolate was performed in 1977. Inoculations for 

the 1977 experiment were made on July 23, and samples ~ere 
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collected every 2 days starting July 

Inoculations £or the 1978 experiment 

24, for 20 days. 

were made on July 3. 

From 10 to 30 days after inoculation, single samples were 

collect·ed every 2-3 days, then weekly during the second and 

third months for the stump sprouts and Chinese chestnut, and 

approximately biweekly for the large, surviving American· 

chestnut.. Not all the required inoculations could be fit on 

a single 

branch of 

stump sprout of American chestnut or on 

the Chinese chestnut trees. On a day 

a single 

when the 

samples on a tree would be exhausted, duplicate samples were 

collected, one £rom the old tree and one fro:m a new tree. 

This occurred with eve.r:y other sample on the stump sprouts 

during the first 30 days of the experiment and once at 30 

days for the Chinese chestnut~ Inoculations for the 1979 

experiment were made on June 7. FroID 2 to 20 days after 

inoculation, samples were collected every 3 days, then at 46 

and 81 days after inoculation. In 1979, all required 

samples for the first 20 days of the experiment could be fit 

on one tree, so no duplicates were collected. 

Samples consisted of 2x3-3x5 cm patches of bark 

containing an entire canker, except when the cankers on the 

susceptible stump sprouts grew larger than approximately 5 

cm long. In that case, 3x5 cm rectangular bark patches 

included the uncolonized margin of the cank€r,. The patches 

included all portions of hark from the vascular cambium 

outward. 
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For microscopy, the samples were cut into four pieces 

centered around the inoculation hole. 

in 103 Acrolein in 0.025 ! potassium 

One piece was fixed 

phosphate buffer, pH 

6.8 {53).. Two pieces were frozen in isopentane cooled to 

its freezing point (-160 C) with liquid nitrogen, and 

(Experiment 1 only) one piece was stored on ice. One frozen 

bark piece was freeze-dried, the second embedded in o.c.T. 
Compound (Lab-Tek P.roducts, Napervil.le, IL) and radial 

sections, 10-30 um thick, prepared on a cryostat at -30 c. 
T.he pieces stored on ice were .ha.nd sectioned 

with neutral red to detec-t host cell death (7). 

exper:imen t,, host ce.11 dea·th was detected 

cryostat sections .for diaphorase activity 

neutral red staining (59), so two bark pieces 

and stained 

In the 1979 

by stai.ning 

instead of 

were fixed 

instead of one. The fixed pieces were dehydrated in Perry 

and O'Brien's (53) series of alcohols, ·transformed to tert-

buthyl alcohol (TBA) embedded :in Tissueprep, 61 C mp (Fisher 

scientific, Inc., Fitts.burgh, PA), the face trimmed, cooled 

in an ice ~ater bath for 30 min., and sectioned at 12 um, 

primarily i::adially, on a rotary microtome. The fixation and 

dehydration were done in .!S!£,Y.g (-72 cm Hg). Sections were 

affixed to slides with Haupt•s adhesive. 

The histochemical -work Mith the cryostat sections 

concentrated on early events in the time course, until 

lignification occurred. In addition to diaphorase, cryostat 
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sections were stained for peroxidase {E .. C.1.11.1.7) activity 

[with benzidine-H202 (36) ], esterase (E.C.3.1.1.1, 3.1.1.2, 

3.1~1-6) activity [with 5-Br-4-chlorindoxyl acetate, pH 7.4, 

0.05 l! Tris-HCl (36)], B-glucosidase (E.C.3.2 .. 1.21) 

activity [with 5-Br-4-chlorindoxyl-B-D-glucoside, pH 5.5, 

0.15 n citrate-phosphate (41, see also 40) ], and phenolase 

(E.C .. 1.10 .. 3.1) activity [with 0 .. 053 (v/v) a-naphthol or 

DL-dihydroxyphenylalanine in pH 6.0, 0.05 11 potassium 

phosphate bu:ffer with 203 polyvinyl alcohol {viscosity of 4% 

aq soln: 4-6 cp,, Baker Chemical co., Phillipsburg, NJ) 

(13)].. sections were covered with 0.5 ml of solution on 

slides at room temperature (approx. 25 C) and incubated in a 

moist c.hamberoe The incubation times were approximately 30 

min to 1 hour for diaphorase, 2 to .3 hours for esterase and 

B-glucosidase, and 3 to 4 hours for phenolase. Peroxidase 

staining occurred almost instantaneously. The controls 

were: heating at 90 to 100 c for 3 or 4 minutes; o~ission of 

substrate; preincubation in 5 ml'! KCN (peroxidase); and 

incubation in 5 m~ NaN3 (p.henolase). Additionally, 

staining was differentially localized, depending on tissue 

type, organelle type, time after wounding, and degree of 

fungal colonization. This was a secondary indication of 

staining veracity. 

Cryostat sections also were stained for lipids with 

Sudan IV, and for tannins with ferric chloride or using the 
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nitroso reaction {36). Hyphae were stained with Sass• 

hemalum ( 10). Lignin was detected with phlorog.lucinol-HCl 

(36), or in a fluorescence microscope (32) with dark field 

illumina·tion (using :Leitz BG-12 excitation and Kodak 'ffratten 

number 12 barrier filters). The FeC.13 solution (for 

tannins) was mildly basic so as to precipitate the tannins 

immediately. Due to problems with diffusion of tannins, it 

would have .been bette:r to have detected them in fresh-

freehand sections. Addition of pol_yv.inyl alcohol did not 

allevia·te this problem. In the acrolein-fixed .ma·terial, 

tannins were not adequately :fixed by post fixation with 

mercuric chloride. Addi·tion of caffeine {48) or formalin to 

the acrolein might have overcome this problem but still 

retained the benefits of acrolein fixation. For critical 

staining of tannins, selected freeze-dried pieces were 

placed in TBA and infiltrated with wax. Microtome sections 

were mounted i11 4% formalin with Haupt•s adhesive. After 

hydration to 43 formalin through an alcohol series with 4% 

formali.n, tannins were stained ·with 3% aqueous FeC13. Where 

appropriate, stained cryostat sections fixed in saline were 

mounted in Karo corn sy.rup (36) although use of glycerine 

gelly with a 

sections were 

slide warmer 

stained in 

is preferred now. 

safranin a.nd fast 

Paraffin 

green, 

hematoxylin and erythrosin (10), phloroglucinol-HCl, aniline 

blue (for cal lose) , .ruthenium red (for pectins) , Sudan IV 

(36) and Maule•s reagents (60). 
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Mullick's F-F test (50) for detecti.ng liound periderm 

induction barrier was modified for use vi th chestnut. 

Samples for Mullick's F-F test (2x3-3x5 cm bark patches 

including whole cankers) were stored on ice for transport to 

the labora·tory and tested beg.inning the same day. Since 

many of the cankers extended to the vascular cambium and 

since phloem fiber bundles greatly hindered radial diffusion 

of liquids, the hasipetal end of a sample was immersed in 

stain so.lutions.. The solutions (23 FeC13 followed by 43 

K3Fe (CN) 6) were allm11ed to dif.fuse up the longi·tudinal axis 

of the samples for three days each. For the 1978 

experiment, bark samples from all treat.men ts were tested 

with Mullic.k's F-F test until 30 days after inoculation. 

For the 1979 experiment, only samp.les from Chinese chestnut 

inoculated with the en (virulent) isolate were tested, these 

until 20 days after inoculation. 

Results 

Lig:nj,fied rn.. In all inoculated hosts, individual 

hyphae grew out into the surrounding .bark tissues. At day S 

{but not at day 5) after inoculation in 1979, in all 

inoculated hosts, this initial lesion was surrounded .by a 

zone of axial and ray parencbymatous phloem cells and of 

parenchymatous cortical cells with appa.rent.ly lignified 
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Figure j .. American chestnut bark tissues 12 to 14 days 
after wounding and inoculation vith Endothia Qarasitica, 
sections stained with safranin and fast green.. !· Day 14. 
Radial section of wounded, uninocula ted American chestnut 
stump sprout. Wound is on left top of section. Illustrates 
the general appearance of rays {r) , fiber bundles (fb), 
outer periderm .(op) and cortex (co). Note shortness of 
cortical ·cells (co) in comparison to cells of seconda.t:y 
phloem.. Vascular cambium region (vc) is at bottom of the 
photograph __ (x28).. J!.. Day 12.. Transverse section of large, 
surviving American chestnut wounded a.nd inoculated lliith 
vb:ulent isQlate of ,g.. tiarasitica. Inoculation si.te is o_n 
right top of section.. Note different appearance of 
transverse section f.r:om radial section (Fig. 1A), especially 
fiber bundles (fb). Fu.nctioning (.fsp) and nonf unctioning 
(nfsp) secondary phloem are evident. Cortical sclereids 
(cs) are present in this section but happened to be absent 
in that of Fig. 1A. In.fected tissues are surrounded by a 
lignified zone (l:z) # staining darkly with safrauin, which 
extends from the point marked lz, through the labled fi.ber 
bundle and cortical sclereids to the outer periderm (x20). 
_£. Detail of .Fig. 1B at border of infected tissue and 
lignified zone (lz) • Note plasmol:ysis, at arrow and in 
rays, indicating cell death in infected tissue (x250).. ]2 .. 
Detail of Fig. 1B at border of uninfected tissue and 
lignif.ied zone (lz). Note nuclei with dark staining 
(safranin) nucleoli (arrows)" indicating living cells 
(x430),. E. Detai.l of F.:ig. 1B at border of infected tissue 
and _lignified zone (lz).. Note hypha (h) ex·tending up to, 
but not through, ligni.fied zone (x695). ]:.. Day 12. Radial 
section of American chestnut stump spro.ut with virulent 
isolate.. Illustrates general appearance of .hyphae in 
infected tissues.. Note hyphae (arrows) in rays (r) and 
axial phloem tissues (at) (x550).. .§. Section of Fig.. 1B. 
Fluorescence under uv light of lignified zoue {lz) and .fiber 
bundles {f b) , indicates lignifica tion of cell walls i& those 
tissues (x105) ;9 lf· Detail. of .Fig. 1G. Compare to 
lignif ied zone i.n Pig.. 1 D {x395). 
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walls (Fig. 1B) • The number of lignified cells ranged from 

1 to approximately 15, depending on the tissue type and on 

the orientation of the 2one. Cells on the side of the 

lignified zone nearest the wound were dead at the time of 

lignification as evidenced by negative staining with neutral 

red, no .reaction for diaphorase in mitochondria-like bodies, 

red nuclei in safranin, fast green-stained sections, and 

occurrence of plasmolysis (Fig. 1C), whereas cells on the 

side away from the wound were alive, using the obverse of 

the same criteria [nuclei were grey-green with red nucleoli 

in safranin, fast green-stained sections (Fig. 1D) ]. In 

general, for all inoculated hosts, hyphae grew up to the 

region of lignification hut not through it (Fig. 1E). The 

hyphae were primarily, but not exclusively, intracellular 

(Fig. 1F). In 1978, a lignified zone was observed at day 10 

and thereafter .. In the wounded, uninoculated hosts in 1978 

and 1979, lignification was observed at the same times, 

close (5-10 cells) to the wound. In the preliminary study 

in 1977, no lignified zone was observed at days 2, 4, or 6. 

(Samples collected after day 6 in 1977 were destroyed by a 

power failure before observations of the lignified zone 

could be made.) Lignin was indicated by strong staining 

with phloroglucinol-HCl and by yellowish green fluorescence 

under uv light (Pigs. 1G and 1H) of middle lamellae, 

starting at cell corners,, as wel.l as b_y staining with 

safranin but not hematoxylin or Sudan IV. The lignified 
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zone was negative for Maule 1 s reaction, indicating this was 

probably guiacyl lignin (65).. Sometimes, portions of the 

lignified zone in the cortex in all hosts and treatments 

stained with FeC13 .. 

Using tbe modified Mullick•s F-F test, stoppage of dye 

diffusion was observed at t.he lesion border in all 1978 

combinations, from day 12 onward.. At day 10, dye dif.fusion 

did not stop at the lesion border in the inoculated and 

uninoculated American chestnut stump sprouts but did in the 

other combinations, In 1979, stoppage of dye diffusion was 

not observed at days 2, 5 or 8 (Fig .. 2A), but was observed 

at days 11, 14, 17 and 20 (Figs. 2B, 2C). In 1979, the 

lignified zone was complete at day 11. 

Occasionally, the cell walls in the ligni.f ied zone 

appeared thickened. The zone was translucent in unstained 

sections when viewed macroscopical1y. 

scattered among all inoculated hosts, 

coloniza·tion and necrosis extended 

In a few instances 

at day 14 or later, 

beyond one zone of 

lignification and a second ligni:fied zone was obse.rved. In 

all hosts, hyphae tended to colonize the secondary phloem 

before the cortex. Occasionally, when this occurred, the 

lignified zone was incomplete at days 10 to 14 in the region 

of the cortical sclerids where no hyphae were present. At 

those points of incompletion. cortical parenchyma ce.lls 

(especially chlorenchyma) inside the general boundary of 
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Figure ,g. Photographs or bark samples of Chinese 
chestnut aftEr treatment by a modified Mullick technique .. 
Plant inoculated with the virulent isolate of Endothia 
12arasi·tica. CR, on June 7, 1978.. !--- Treatment begun 8 days 
after inoculation, no stoppage o:f dye diffusion occurred. 
J2.. Treatment .begun 11 days after inoculation, dye diffusion 
stopped at the boundary of the initial lesion (arrow).. ~a 
Cross section of sample from 2B. 
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t.he lignified zone stained with neutral red, indicating they 

remained alive .. 

Enz,Im~ Activities. I.n.tissues unaffected by infection, 

stain for B-glucosidase and esterase activities vas located 

in cortical chlorenchyma under the original periderm (Figs. 

3A and 3C), in cortical parenchyma cells, in ray-associated 

axial parenchyma (Fig .. 3C), and in inter:fasicular axial 

parenchyma strands of nonfunctioning secondary phloem (Figs .. 

3B and 3C).. Stain for esterase activity was located 

additionally in the parenchyma of functioning secondary 

phloem (Fig. 3C). Stain for the activities o.f both enzymes 

were found in hyphae (Fig .. 3D). In lignified zones in the 

secondary phloem, stain for B-glucosidase activity in rays 

and interfasicular axial parenchyma strands was enhanced 

(developing more rapidly and becoming more intense than in 

tissues unaffected by infection), and it became visible in 

fiber bundle-associated axial parench:yma strands (Fig. 3E). 

In parench_yma cells with central vacuoles, stain .for t.he 

activity of both enzymes appeared associated ~ith 

cytoplasmic organelles (Fig. 3F), but its appearance in 

simple pits (Fig.. 3G} indicated the apparent association 

with organelles could have been due to clustering of 

cytoplasm around organelles. Stain for esterase, but not B-

glucosidase, activity was localized in cell walls as well as 

cytoplasm; in Chinese .but not American chestnut, this wall-
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Figure 1~ sections of Chinese and American chestnut 
bark stained for esterase (C and H) and B-glucosidase (A, B, 
D-G) activity.. !• Day 10. Transverse section of blight-
resistant Chinese chestnut cv Nanki.ng :with virulent isolate 
of Endothia J2arasitica.. Intense stain for B-glucosidase 
activity {gl) occurs in the zone of lignification {lz) 
reaching from the outer periderm (op) dmrn to the noted 
fiber bundle (fb} and then to the left. stain for acti vi·ty 
also occurs in the lumen of chlorenchyma underneath the 
outer periderm, on both sides of the zone of lignification 
(.x29).. _!?.. Phase co:ntrast. Day 10.. Distribution of stain 
for B-glucosidase activity in transverse section of nonfunc-
tioning secondary phloem of uninfected portion of same sam-
ple as .Fig. 3A.. Stain .for activity is observed in rays (r) 
and axial parenchyma s·trands (arrows) between fiber bundles 
(fb) (x95). £~ Day 2. Distribution of stain for esterase 
activity in radial sec-tion of uninfected bark of American 
chestnut stump sprout with virulent isolate. Intense stain 
for activity in chlorenchyma under outer: periderm (op) is 
underlain by less intense sta.in for activity in the cortex 
(co).. In nonfunctioning secondary ph1oe.m, stain for activ-
ity is in rays (r), ray-associated parenchyma (horizontal 
arrow), and interfascicular axial parenchyma strands (solid 
vertical arrows) between fiber bundles (fb). Distribution 
of stain for B-glucosidase activity is similar except that 
stain for esterase activity is present addi·tionally in func-
tioning phloem/vascular cambium region (open vertical arrow) 
(x43). R~ Same section as Fig. 3A. Stain for B-glucosi-
dase activi·ty in hyphae (h) next to zone of lignification 
can augment appearance of stain for B-glucosidase activity 
in zone of lignification.. Hyphae shall stain foi: esterase 
activity similarly {x950). ].. Detail of stain for enhanced 
B-glucosidase activity in nonfunctioning secondary phloem at 
zone of lignif ication of section of Fig. 3A. Enhancement 
occurs in rays (r) , axial parenc.hyma strands {ps) # and 
fiber-associated axial parenchyma strands (fps). The latter 
show extremely £aint stain for activity in normal. tissue 
{Fig. 3B) {x155}. I· Radial section of single axial par-
enchyma strand cell of sample of Fig. 3A. The vascular cam-
bium is to the right.. Stain .for B-glucosidase activity 
appears to be associated with discrete organells (arro,w) 
(x1630). §. Radial section of single ray sc1ereid of sam-
ple of Fig. 3A.. Stain for B-glucosidase activity in simple 
pits (such as at arrow) indicates activity is generally dis-
tributed in cytoplasm# not associated with organelles 
(x95~ .. H. Day 2. Radial section of blight-resistant Chi-
nese chestnut cv Nanking inoculated with virule.nt isolate. 
Stain for esterase activity is found in walls (w) as well as 
cytoplasm (c),. This is especially evident in thick-walled 
chlorenchyma under outer periderm (op) .. In Chinese, :but not 
American, chestnut, stain for wall-localized activity per-
sists when hyphae (h) approach (x770). 



-35-



-36-

associated activity was observed to persist in cells after 

infection of these cells by ] .. .Earasitica (Fig;> 3H). 

Stain for phenolase activity was observed only in 

plastids in the lignifying zone (Figs. 4A and 4B). Stain 

for peroxidase activity also was localized in these tissues, 

and greater color development fol.lowing treatment with PeC13 

was observed here.. In adrlition, stain for peroxidase 

activity was localized in the walls of phloem fibers. In 

the lignified zone, stain for peroxidase activity was 

enhanced in the walls of parenchymatous cells. The 

enhancement of stain for peroxidase and B-glucosidase 

activities in the lignifying zone indicates that lignin was 

the material being deposited, since these enzymes can be and 

are, respectively, necessary to lignin synthesis (29). 

Enhanced stain for B-glucosidase activity was not observed 

prior to lignif ication in or near the area that would be 

1.ignified, except that there were traces of enhanced 

activity at day 5 in the large, surviving American chestnut 

inoculated with the virulent isolate. 

Stain for diaphorase ac-tivity occurred in mitocho.ndria-

like bodies (Fig .. 4C). Staining was heavy in chlorenchyma 

under the original perider.m (Fig. 4D) and in ra_ys and 

parenchyma strands of secondary phloem (Fig. 4G). These 

[ wi t.h ray-associated parenchyma strands (Fig. 4C) ] were the 

only tissues of nonfunctioning secondary phloem to contain 
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Figure _!!.. Radial sections of Chinese and American 
chestnut ha.ck stained for phenolase activity (A and B), 
dia_phorase activity (C, D, F and G), or stained wit.h 
sa.f.ranin and fast green {E). !· Day 10. Blight-resistant 
Chinese chestnut cv Nanking inoculated with virulent isolate 
of Endothia 12arasitica.. Stai.n .for phenolase activity in 
lignif ying zone in plastids of cortical parenchyma (such as 
at arrow) under outer periderm (op). Note cortical 
sclereids (cs) (X 120).. !!· Partially c.rossed polarizers. 
Canker of Fig .. 4A. Stain for phenolase inplastids (arrow} 
of parenchymatous elements in 1ignifying zone (lz) of 
seconda.ry phloem. Thick-walled cells fluoresced under uv 
light, indicating lignin {x840) •. f. Day 5.. American 
chestnut stump sprout with virulent isolate. Stain for 
diaphorase activity, probably in mitochondria (arrow), of 
ray-associated parenchyma. Vascular cambium to right, 
beyond fi.be.r bundle (fb) (x945). .Q. Day 5. Interference 
contrast.. C:hinese chestnut, wounded and -uninoculated.. 
Intense stain for diaphorase activity occurs in cortical 
ch.lorenchy.ma .between cortical sclereids (cs) and ou·ter 
periderm ·{op} {x100). !· Da_y 53. Interference contrast. 
Blight-resistant Chinese chestnut cv. Nanking wounded and 
uninoculated. Interfascicular axial parenchyma strands 
(ps), fiber-associated axia:l parenchy.ma strands (fps) a.nd 
ray parenchyma (r) all show amyloplas·ts within their cells. 
·Fiber bund.les (f.b) also are birefringent (x235).. !· Day 5. 
Interference contrast.. I.arge, surviving American chestnut 
with virulent isolate at advancing edge of infection. Stain 
.for diap.horase activity is prese.nt in .byphae (such as at 
arrows) but absent in ray cells (r) and cells of axial 
parenchyma strands (such as next to la.bled fibe.r .bundle, 
fb), indicating host cell death. (x400).. 2· Same canker 
as Fig. 4F.. U.ninfected tissue. Stain for diaphorase 
activity is present. in axial parenchyma st.rands (ps and fps) 
between fiber .bundles {.fb) and in rays (.r). Campa.re 4E and 
4G to 4F (x520) .. 
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nuclei and amyloplasts (Fig. 4E) .. stain for diaphorase 

activity disappeared prior to coloni.zation of bark tissues 

by hyphae, which also showed diaphorase activity (Fig. 4F). 

Initial .Lesio.n.. Before and after lignification, hyphae 

always were surrounded by dead cells. Staining due to basal 

B-glucosidase and esterase activities in cytoplasm declined 

rapidly when hyphae vere present. Ferric chloride-stainable 

substances also disappeared in advance of colonizing 11yphae 

in the initial lesion.- After colonization, stain for 

peroxidase activity in parenchymatous cells declined, but 

with .less rapidity.. Stain for peroxidase activity in phloem 

fiber walls persisted for long periods (1-0-15 days) in 

infected tissue of all hosts, possibly to a greater extent 

in Chinese chestnut. :In Chinese, .but not American ~hestnut, 

middle lamella/cell wall-associated stain for esterase 

activ.ity persisted as hyphae colonized the cell. 

Tn the initial lesion, hyphal aggregates of both 

virulent and hypovirulent strains could be observed in al.l 

inoculated hostsr but aggregates of long (ca 50 um), 

intercellular hyphae with dense cytoplasm were observed only 

occasionally in Chinese chestnut (Figs. 5A and SB), and in 

the large, surviving Ame.rican chestnut.. Aggregates of two 

to eight densely stained, intercellular hyphae were observed 

invading, but not penetrating, the lignified zone .before 

mycelial fan formation had occurred (before 18 and 20 days 
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Figure ,2.. Radial sections of Chi.nese and l\.merican 
chestnut bark co.mparinq .hyphae in different hosts or the 
same host with virulent versus hypovirulent .isolates of 
Eniiothia .E2~asitica. Selected fiber bundles (f b) noted to 
give perspective. A-!· Sections stained wit.h safranin and 
fast _green.. !· Day 25. Blight-resistant Chinese chestnut 
cv Nank.ing with virulent isolatea Note aggregates of l1yphae 
(arrows) suggesting partially developed mycel.ial fans 
(x120) •. B.. Detail of Fig .. SA showing hyphal aggregate 
(arrow).. Intercellular hyphae surround some of the ray 
cells to the right of the arrow (x330). f=.!2· Large, 
surviving American chestnut with virulent isolate. £.. Day 
23.. .Intracellular hyphae are present in lumen of most cells 
(x23.0).. .!!· Da_y 72... Mycelial fan (mf) [and associated 
lignif ied zone (lz) ] observed in this host only in this 
sample in 1978 (x35).. ~- Day 18. American chestnu·t stump 
sprout with hypovirulent isolate. A hyphal aggregate is 
indicated by the arrow.. Individua.l hyphae are the dark-
stain_ing objects across the botto.m of the photograph and 
across the middle, above the aggregate. I· Day 21 .. 
Partially crossed polarizers. American chestnut stump 
sprout with virulent isolate. Section stained with 
hematoxylin and ecythrosin. Hyphae comprise most of the 
dark-staining {he111atoxylin and erythrosin) material. 
However• host cell walls are still present (arrow}. Compare 
to Figs. SB, SC and SE (x240). 
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a£ter inoculation in 1978 and 1979, respectively) .. ffith the 

virulent isolate, these aggregates were observed in seven of 

eight cankers on stump sprouts, but in only five of thirteen 

cankers on the Chinese (3 out ·of 6) and the large, surviving 

American (2 out of 7) chestnuts (a99regates were not 

independent of host at p<0.1 by a G-test). 

In the initial lesions, bark ce.lls of Chinese chestnut 

(Figs. SA and SB) and the large, surviving American chestnut 

(Fig. SC) did not appear to be colonized by as many hyphae 

as cells of American chestnut stump sprouts (Figs. SE and 

SF). (See also the captions .for these figures). There were 

significantly (p<0 .. 05) more hyphae (not including mycelia1 

fans) in the latter than in the other two hosts between 10 

and 30 days after inoculation in 1978 (Table 1), according 

to Duncan's :multiple range test. The virulent .isolate 

appeared to colonize infected parts of America.n chestnut 

stump sprouts mo.re extensively than did the hypovirule.nt 

isolate (Figs. SE and 5F), .but no significant (p>O. 05) 

dif.ferences we:re found (Table 1). 

The size of the initial lesion 

influenced .by host (Table 2). By an 

(p<O .. 0001) , but not 1979 (p>0.1879), 

was not strongly 

F-test, in 1978 

the hypovirulent 

isolate, .Ep66, gave significantly larger initial lesions 

overall (on all hosts) than the virulent isolate, CR. In 

1978, the American chestnut stump sprouts inoculated with 
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Table 1 

Mean number of hyphae of a virulent and a hypovirulent 
isolate of Endothia parasitica in American and Chinese 
chestnut between 16 and 30 days after inoculation in 
1978 . 

Tree Fungus 2 · 

American stump v 
sprout 

H 

Large surviving v 
American 

H 

Chinese v 

H 

Mean number of hyphae 
per treatment 

42 a3. 

34 ab 

23 c 

26 be 

28 be 

23 c 

1 · On each canker, the number of hyphae intersecting two 
anticlinal lines 500 µm long were counted': a) in the 
cortex, approximately 500 µm along the axis of the tree 
from the inoculation wound; and b) approximately 250 µm 
below the wound, in the nonfunctional secondary phloem. 
The ends of the lines were thus about 500 µm apart. There 
were no mycelial fans in these areas. There were 6 cankers 
per treatment, collected at 2 or 3 day intervals from 16 
to 30 days after inoculation. Within treatments, each can-
ker was a different age. 
2. V is the virulent 
isolate, Ep66. 

isolate CR; H is the hypovirulent 

3 · Means followed by the same letter are not 
significantly (p<0.05) different by Duncan's multiple range 
test. The model used to compute the mean square was 
a one-way classification with cankers of different ages 
nested within treatments. Days after inoculation was not 
included as a covariable because all slopes so estimated 
were not significantly (p>0.05) greater than zero by a 
t-test. 
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Table 2 

Lengths of initial lesions formed after inoculation of 
American and Chinese chestnut with a virulent and a hypo-
virulent isolate of Ehdothia· ·parasitical. 

Tree Fungus 2 · 

American v 
stump 
sprout H 

Large v 
surviving 
American H 

Chinese v 

H 

Mean length of all cankers less 
than 22 days after inoculation 

1978 1979 

Number of Number of Length observations Length observations 

mm mm 
12 .1 b 3 . 6 36. 5 a 4 

21.1 a 7 32.2 b 4 

10.9 b 5 12.5 c 4 

12.0 b 5 11.5 c 4 

12.4 b 5 33.5 a 4 

18.2 a 6 23.2 b 4 

1 · Each data point from a separate canker: Within a treat-
ment, replicates collected on different days, from 10 to 18 
(1978) or from 11 to 20 (1979) days after inoculation. 
2. V is the virulent isolate CR; H is the hypovirulent iso-
late Ep66. 
3. Means followed by the same letter are not significantly 
(p<0.05) different by Duncan's multiple range test (one-

wav anova) . Days after inoculation was not included as a 
covariable because-all.slopes- so estimated were not signifi-
cantly (p>0.05) greater .than zero by a t-test. 
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Ep66 had initial lesions signi:ficantly lacger than the other 

treatments.. In 1979, the Nan.king Chinese chest.nuts and 

American stump sprouts bad initial .lesions of about the same 

size, but those on the large, surviving American chestnut 

were smaller. In separate experiments in 1978, 1979 and 

1980, it was observed that smaller inoculation holes on 

AIDerican chestnut seedlings gave smaller initial lesions. 

Perhaps there wou.ld be d.if.ferences in initial lesion size 

between resistant and susceptible hosts depending on the 

size 0£ the inoculation hole. 

Woun.f! PerideU!. In the preliminary 1977 experiment, 

wound periderm formation began at day 16 in both Chinese and 

American c.hestnut, in uninoculated wounds and in wounds 

inoculated with the CR. virulent isolate (in other words, in 

all four treatment combinations). In 1978, wound periderm 

formation (Fig. 6C) was observed beginning at day 12 i.n six 

of the nine host-treatment combinations. The three 

exceptions were Chinese chestnut with the virulent isolate, 

where formation occurred at day 10, aud the stump sprouts 

with the virulent and hypovirulent isolates, where formation 

occu.rred at days 14 and 23 respectively (see Table A, 

Appendix). In 1979, formation was observed beginning at day 

14 with f.our exceptions.. The uninoculated Chinese and the 

hypovirulent-inoculated, large, surviving American chestnuts 

shoved £ormation beginning at day 11. The stump sprouts 
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with the virulent and hypovirulent isolates showed formation 

at day 20 and after day 20, (by day 48, no samples having 

been collected between days 20 and 48 in 1979) .respectively. 

Wound periderm formation occurred 

zone, on the side away from the 

phellogen area of all treatments 

FeC13 .. 

next to the 

wound (.Fig .. 

lignif ied 

6A).. The 

stained in tensely with 

Wound periderm formation started in the seconda.ry 

phloem and progressed outward to the outer periderm (Fig. 

6A) , taking about 20 days to reach the outer periderm in the 

Chinese and large, surviving American chestnut, and about 

30-40 days in the American chestnut stump sprouts (Fig .. 7). 

In hosts with rhytidome, or hosts in the process of forming 

rhytidome, 

periderm, 

oriented 

the wound 

but rather 

periclinallJ 

periderm did not extend to the outer 

tended to extend around the stem, 

[lack of connection between 

successive, non-wound periderms has been observed previously 

in other plants (pp 248-250, 23)]. After formation started 

at one locale, it took 4-8 days before phelle,m was formed 

and 8 days after that before the number of phellem cell 

layers reached a maximum ~ig. 8). There were mean numbers 

of nine phellem and seven phelloderm cell layers in the 

finished wound periderm of the Chinese and large, surviving 

America.n chestnut and seven and four in the stump sprouts. 

There were significantly fewer cell layers in the inoculated 
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.Figure &· Relationship between orientation of 
lignif ied zone and extent o.f wound periderm formation in 
bark of Chinese and Aillerican chestnut. Selected fiber 
bundles (fb) noted to give perspective.. Radial sections 
stained with safranin and fast green. !· Day 53. Large, 

·surviving American cl1estnut inoculated with virulent isolate 
·of Endothia Earasi·ti99.. Note wound periderm (w_p) next to 
lignified zone (lz).. Woundperiderm is thinner towards 
oqter periderm (op) and does not extend (arrow) to it. 
Cortical sclereids (cs) are underneath outer periderm (x28). 
B and D. Day 23. Blight-resistant Chinese chestnut cv 
Hanking with virulent isolate. ]. Lignified zone (lz) runs 
anticlinally from vascular cambium to ou·ter periderra (op) .. 
Note cortical sclereids (cs) and a.bsence of wound periderm 
(x27)~ D. Detail of Pig. 6B, showing absence of wound 
periderm next to anticlinal lignified zone (lz). Note 
nuclei (arrows) of viable cells at uncolonized border of 
lignified zone (:x385) "- c,. Day 14.. Uni.noculated America.n 
chestnut stump sprout.. Wound periderm formation (wp) had 
commenced in all uninoculated hosts .by this time at interior 
border of periclinal .liqnif ied zones (lz) (x280).. ].. Day 
28.. B..light-resistant Chinese chestnut cv Nan.ldng with 
hypovirulent isolate.. Wound periderm (wp) has not formed 
where lignified zone (.lz) turns a.nticlinally to reach the 
outer periderm above the cortical sclereids (cs) (x36).. £ .. 
Detail of Fig. 6E canker,, showing lack of wound periderm 
(wp) formation (x105) .. 
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.Figure 1· Ti.me-course of region in bark tissue of 
outer,most location of phellem or phelloderm of wound 
periderm in blight-susceptible (S) American chestnut stu:mp 
sprouts, a moderately blight-resistant (.MR) 1 large, 
surviving Alllerican chestnut, and highly blight-resistant 
(ffR) Chinese chestnut, cultivar Nanking, a.fter inoculation 

on July 3, 1978 with virulent (V) and hypovirulent (H) 
strains of Endothia ,Earasitica, or wounding with no 
inoculation· (X).. Each point represents a separate canker. 
ii.hen there were duplicate cankers on one day for the s 
trees, the canker with the outermost location is depicted .. 
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.Fiqure ..§. Time-course of ch~nge i.n the number of cell 
layers in phel1em of periclinally oriented wound periderm 
located in the secondary phloem (SP) and cortex (CO) of 
blight-susceptible (S) American c.hestnut stump sprouts, a 
moderately blig.ht-resis"ta.nt (MR) , large, surviving American 
chest.nut, and highly blight-resistant {HR) Chinese chestnut, 
cu1tiv.ar Nan.k:ing, after inoculation on July .3, 1978, with 
virulent (V) and hypovirulent (H) strains of Endothia 
Earasi ti ca., or wounding with no inoculation (X). Each poi:nt 
represents a separate canker.. lihen there were duplicate 
oeankers on one day for . the s trees, ·the canker with the 
greates·t numbe.r of cel1 layers is depicted .. 
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Table 3 

Mean number of cell layers in phellem and phelloderm of 
wound periderm in American and Chinese chestnut between 
30 and 90 days after inoculation in 1978 with a virulent 
and a hypovirulent isolate of Endothia parasitical. 

mean mean number 
number of number of of 

tree fungus 2 • cell layers cell layers obs er-
in phellem in phelloderm vations 

American v 2.0 c 3. l.3 14 c 
stump 
sprout H 3.9 c 2.8 be 13 

none 6.9 b 3.5 b 12 

large v 9.2 ab 6.7 a 8 
surviving 
American H 9.0 ab 6.3 ab 3 

none 9.0 ab 8.0 a 6 

Chinese v 9.9 a 9.6 a 12 

H 9.4 ab 6.l be 12 4• 

none 9.5 ab 5.3 ab 12 

l. Each observation was an average of the number of cell 
layers in the phellem or phelloderm of wound periderm in the 
cortex and secondary phloem, replicated over treatments of · 
different age. Observations in the cortical sclerids and 
outer periderm were not included because there were too many 
missing values due to presence of rhytidome and tearing of 
sections. 
2. V is the virulent isolate, CR; H is the hypovirulent 
isolate, Ep66. 
3. Means followed by the same letter are not signifi-
cantJy (p<0.05) different by Duncan's multiple 
range test. A two-way anova was run using treatment (tree 
and isolate) and location in bark (secondary phloem or 
cortex) as the classification variables. The interaction 
terms were not significant. Days after inoculation was not 
included as a covariable because of the slopes so estimated, 
only those for the Chinese chestnut with either the V iso-
late or with no inoculum, were significantly (p<0.05) 
greater than zero. The slopes for these two treatments 
were skewed upward by one high value for one canker of each 
at 65 days after inoculation (see Figure 8) . 
4. There were 13 observations for the phellem. 
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(virulent or hypovirulent) stomp sprouts than in 

uninoculated controls (Table 3). 

Iihen the lignified zone was oriented anticlinally (Fig. 

6B), the start of wound periderm forlllation in any host was 

g.reatly delayed (Fig..i 6D) compared to when the zone was 

oriented periclinally,. In the secondary phloem of all 

uninoculated hosts, wou.nd periderm .next to anticlinally 

orie:nted portions of lignified z.ones first was observed at 

23 days after inoculation in 1978; by comparison, wound 

periderm next to ,Egriclinally oriented po.rtions o.f lignified 

zones .first was observed at 10 to 12 days a:fter inoculation. 

In a1.l host-treatment combinatio.ns, there were occasions 

beyond 23 days when no wound periderm had .formed next to 

anticlinally oriented portions of lignif ied zones. W.hen a 

lignified zone, which was oriented periclinally, turned to 

an anticlinal direction, wound periderm formation in any 

host ceased or lessened at that point (Figs. 6E and 6F). 

The woundperiderm along the fiber bundle in Figures 6E and 

6F extends about 200 um beyond the ligni.fied zone; gaps in 

wound periderm often occurred at such places. Liqnified 

zones always approached an anticlinal orientation as they 

nea.red the outer periderm. (they .had to to reach it), and 

this region was always the last where wound periderm formed. 

Lignified zones which were o.riented anticlinally throughout 

their extent occurred commonly (>203) when infection by 
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hypovirulent or virulent isolates reached to the vascular 

cambiulll (.Fig. 6B), but did not occur when infection did not 

reach the vascular cambium (such as in Fig. 1B). (An 

infection 1-3 cm long which does not ·reach the vascular 

cambium must have a .large periclinal surface.) 

'fhe American chestnut stump sprouts had significantly 

(p<0.04, by an F-test) thinner bark (2 .. 0 mm) than ·the large, 

survi·ving American (3. 0 mm) or Chinese {3. 0 mm) chestnut 

trees. The initial lesions in the latter two hosts extended 

an average of 0.86 mm deep into the bark (plus 1 mm for the 

inoculation wound) w:hen they did not reach the vascular 

cambium.. This is an apparent cause of the fact that all 

initial lesions in the stump sprouts reached the vascular 

cambium in 1978 and 1979, whereas in the other two hosts, 

most initial lesions (greater than 60%) did not reach the 

vascular cambium. Thus in 1978, froE day 13 to 21, 5 of 13 

stump sprout cankers had anticlinally oriented lignified 

zones versus 1 of 20 cankers (the one canker being the 

virulent isolate on the Chinese chestnut) from the other two 

tree types (anticlinally oriented lignif ied zones were not 

independent of l1ost, p<O. 05 by a G--test).. In 1979, the 

.frequencies Here 3 of 8 for stump sprout cankers versus 0 of 

16 for cankers on the other two tree ·types between days 8 

and 20 {p<0.05}. This fact is a principal cause of the 

instances of delayed initiation of wound periderm formation 
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in the inoculated stump sprouts in 1978 and 1979. In 1977, 

the initial lesions in the stump sprouts did not reach the 

vascular cambium, probably because agar disk instead of 

mycelial ball inoculum-was used. In 1977, the start of 

-wound periderm formation was not delayed in inoculated stump 

sprouts in comparison to the other treatme:nts (inc.luding 

inoculated Chinese chestnuts). 

Canker Growt11 Statistics.. The virulent isolate-

American chestnut stump sprout com.binatio.n showed a 

significantly higher slope of canker length.versus time than 

the other treatments in 1978 (Table 4, Fig. 9), according to 

Duncan's multiple range test (p<0.05). _ (There were not 

enough observations to make these calculations for the 1979 

experiment.) In 1978. the slope for the h_ypovirule:nt-s-tump 

sprout combination was intermediate between that of the 

previous combination and the two values for · the large, 

surviving American chestnut, and vas significantly larger 

than the two slopes for the Chinese chestnu·t trees. The 

slopes for the hypovirulent treatment were significantly 

.lover overall (p<0.001) than those for the virulent 

treatment using an F-test. When the slopes for the sum of 

canker le.ng·th and width at t.he outer periderm and at the 

vascular cambiu_m were computed, only that for the virulent 

isolate-s·tump sprout combination was significantly dif·ferent 

from (higher than) a_ny other com.binatio.n (Table 4, Fig. 10). 
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Table 4 

Slope of canker dimensions on American and Chinese chestnut 
versus days after inoculation in 1978 with a yirulent and 
a hypovirulent isolate of Endothia parasitica · 

tree fungus 2 slope of slope of sum 3 number of 
outer can- of four canker observations 
ker length dimensions 
vs days vs days 

mm/day mm/day 

American v 0.7585 a4 2.220 a 20 
stump 
sprout H 0.4839 b 0.2687 b 21 

large v 0. 3498 be -0.0278 b 8 
surviving 
American H 0.3010 be -0.0956 b 9 

Chinese v 0.1888 c 0.1459 b 18 

H 0.0378 c -0.1161 b 18 

1. Each data point from a separate canker. Points were 
collected between 10 and 86 days after inoculation. 
2. V is the virulent isolate CR; H is the hypovirulent 
isolate, Ep66. 
3. The four canker dimensions are outer (at the outer peri-
derm) length and outer width, inner (at the vascular 
cambium) length and innner width. · 
4. Slopes followed by the same letter are not signifi-
cantly (p<0.05) different by Duncan's multiple range 
test. The MS equaled the sum of the error sum of 
squares for the individual regressions divided by the (sum 
of the number of observations minus 2 per regression). That 
denominator is the degrees of freedom. The weight for each 
slope value was the corrected sum of squares of the time 
variable. This is analysis of covariance. 
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Figure 2.. Canker lengths versus days after inoculation 
in 1978 and 1979 {July 3 and .June 7, respectively) of 
blight-susceptible (S) American chestnut stump sprouts,. a 
.moderately .blig.ht-resistant (HR) , large, surviving American 
chestnut# and highly blight-resistant (HR} Chinest chestnut, 
cultivar Nanking, 'With virulent (V) and hypoviruleRt (H) 
strains of Endothia parasitica. Each point represents a 
separate canker. 
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Figure 1Q- Sum of oute·r (at the outer periderm) and 
inner {at the vascular cambium) canker lengths and widths 
versus days after inocu1ation in 1978 and 1979 {July 3 and 
June 7, respectively) of blight-susceptible (S) American 
-chestnut stump sprouts, a moderately bl.ight-resistant (MR), 
large, surviving American chestnut, and highly blight-
resistant. (HR) Ch.inese chestnu·t. cultivar Nanking, with 
virulent. (V) and hypovirulent (H} strains of E.ndothia 
parasitic~.. Each point represents a separate canker.. When 
there :ver-e duplicate cankers on o.ne day for the s trees, the 
shorter dimension is depicted .. 
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In a separate experiment in 1979, the lengths of five 

cankers on each of six American chestnut seedlings (greater 

than 2.5 cm dhh), four of ,which were incited by the CR 

isolate and one by anothei: isolate, were measured every 2 to 

4 days from 6 until 42 days a.fter inoculation. Canker 

lengths for three representative CR cankers are given in 

Figure 11. Commonly, after an initial flush of expansion 

lasting 8 to 11 days,. canker elonga tio:n ceased un·til 24 to 

26 days after inoculation. Between 11 and 24 days after 

inoculation, of the 30 cankers, 22 showed no elongation, 

five showed one or two instances of sudden elongation 

followed by stoppage of canker expansion and three cankers 

showed a more continuous .rate of spread. The iui t.ial lesion 

comprised the portion of the canker existing between 8-11 

and 24-26 days after inoculation. In the histopathology 

experiments, appa.rent cessation of canker expansion occurred 

concurrently with onset of lignification, around days 10 in 

1978 and 8 in 1979 (Fig. 9). In the experiment of Figure 

11, at 24 to 26 days after inoculation, elongation of the 24 

cankers incited by the CR isolate started again and 

continued, basically at a constant rate of about 0.85 

mm/day, until the tree was encircled. After encirclement, 

canker elongation slowed as the living bark on top of the 

cankers swelled. 
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.Pigu:re 11. Lengths of three individual ca.nke;rs o·n 
A.merican chestnut seedlings fro.m 6 to 122 days after 
inoculation with a virulent isolate. CR, of Endothia 
parasitica. Inoculations made June 7, 1979.. The .bottommost 
curve was the most atypical of the 24 cankers. The top tvo 
curves are.typical .. 
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Mycelial Fans .• In the American chestnut stump sprouts 

inoculated with the virulent isolate in 1978. ~ycelial fans 

were observed at 18 days after inoculatio.n. Some stages 

leading to .fan formation may have been the appearance of 

lo:ng {~ 50 um) , intercellular hyphae with densely stained 

cytoplasm (Fig. 12A), followed by appearance of strands of 

3-6 vacuolate hyphae behind the densely stained hyph.ae (Fig. 

12B), and t.hen the mycelial fans (Fig. 12C) • The time-

course of events immediately prior to fan formation would 

have to be sampled more extensively to obtain an accurate 

picture of the events of fan formation. Mycelial fans of 

the virulent isolate in stump sprouts had penetrated the 

l~gnified zone vhen they were observed on day 18, the first 

day they were observed. With the hypovirulent isolate on 

stump sprouts, mycelial fans were observed at day 16 in 

1978, hut these were approximately 1 mm behind the lignified 

:zon.e.. .Fans of the hypovirulent isolate did not extend 

through, or else past, the lignified zone until 28 days 

after inoculation. The time of pe.netration of the lignified 

zone appeared to be associated with the onset of linear 

canker elongation (Fig. 9). In 1979, no fans of the 

virulent isolate were o.bserved during the first 20 days 

after inoculation for any host~ Fans of the hypovirulent 

isolate, located behind the lignified zone, were observed at 

day 17 in stump sprouts, but no fans were observed in the 

day 20 tissue sample. 
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F.igu~e Jl. Radial sections of American chestnut stump 
sprouts inocu.lated with a virulent isolate of Endothia 
_Earasitica showing possible stages in mycelial fan formation 
( A-C} and appearance of mycelia.l fans ( D-F)'"' Selected 
fiber bundles (fb) noted to give perspective.. A-C. 
Sections stained with safranin and fast green. _!.. Two 
long, interce.llular hyp.hae (arrows) at 14 days {x470).. ]. 
A fascicle of at least three intercellular hyp.hae (arro-w} at 
16 days (x470) .. £. Three mycelial fans (mf) at 23 days. 
Mycelial fans outside the lig.nified zone were evident by 18 
days. Note discoloration of host cells at ti.P of fan. 
Arrow points to cells bent and crushed by fan. D-F. 
Sections stained with hematoxylin and erythrosin. ~-
Mycelial :fans (mf) at 28 days, showing splitting of bark 
tissues in £ront of fan (arrov), commonly observed in 
sections.. Bark parenchy1uatous cells are crushed against the 
.labeled fiber bundle (fb) heh.ind the tip of the fan {x39) .. 
!· Day 21. Hyphae of mycelial fan approximately 2 mm 
behind tip of fan, illustrating vaculated appearance o.f 
hyphae away from tip of fan. Note double nuclei 
(arrow) (x1040).. f.. 'lip of mycelial fan of Fig.. 12E, 
illustrating dense cytoplasm at tip. Note apparent swelling 
of middle lamella in advance of hyphae (arrow).. Compare 
F~gs. 12E and 12F with Fig. SD (x1070). 
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All the mycelial fans 

Splitting of bark tissue 
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observed grew intercellular1y. 

in front of mycelial fans was 

observed commonly (Fig. 12D) 11 and deformation of ·tissue by 

fans also was observed (Fig. 12C), as was limited .swelling 

of middle lamellae (Fig. 12F). The walls of some cells at 

the tips of fans were fragmented, apparently by hyphae 

proliferating in their lumens. When .fans grew betweeen 

fiber bundles, the interfascicular parenchymatous elements 

o.ften -were pushed to one side and crus.hed (Pig. 12D). There 

was no disappearance of ruthenium-red staining o:f middle 

lamella in the region of the fan ·tip. Neutral red staining 

indicated dea·th of cells at least 350 um in front of the 

mycelial fans w~hen no lignification or wound periderm 

formation was occurring there. Likewise, alteration of 

staining characteristics of :non-lignified cells of all hos·ts 

immediately in front (250 um) of advancing fans of virulent 

(.Figs. SD and 12C) and hypovirulent isolates also indicated 

killing of tissues in advance o:f fans. No hyphae were 

observed in advance of fans, except for those which were 

observed to be on the latei:al margins of fans located in 

subseguen t or previous .serial sections ... · .Hyphae at the ·tips 

of fans were densely cytoplasmic (Fig. 12F) but hyphae 1 mm 

behind the tip were vacuolate {Fi9. 12E) leadiug to a higher 

affinity for cytoplasmic stains of the tip compared to the 

.rest of the fan (Fig •.. 5D) • 
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In the large, surviving American chestnut, advancing 

mycelial fans of the virulent isolate {fans with no 

lignif ied zone or wound periderm in front of them and with 

densely staining hyphae at their tips) were observed only at 

72 days after inoculation .in 1978 and at 46 and 81 days in 

1979. Adva.ncing mycelial fans were observed in the Chinese 

chestnut trees at 46 and 81 days after inoculation in 1979 

but not at all in 1978. All these fans penetrated the 

ligni£ied zone, where wound periderm had not formed, 

although one, in the large surviving American chestnut, also 

breached a wound periderm with two phellem cell layers. 

However, the same fan also penetrated other areas of this 

lignified zone where wound periderm had not yet formed. 

Typically only one .fan, located in the outer bark layers, 

was observed in the two resistant hosts (Fig. SD), whereas 

multiple fans (Figs. 12C and 12D}, ~ith one often at the 

vascular cambium, were observed commonly in the stump 

sprouts. In every observed instance of canker enlargemen-t, 

a mycelial fan was observed at the canker margin. 

Mycelial fans were not observed in cankers of the 

hypovirulent isolate on the two blight-resistant trees. In 

the stump sprouts, fans 0£ the virulent isolate were 

significantly thicker at their thickest point (near the tip) 

in longitudinal sections than those of the hypovirulent 

isolate (83 vs 56 um, p<0.034 by a t-test; there were 32 
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fans of the virulent isolate and 33 of the hypo·virulent, 

sampled .between 18 and 72 days after inoculation for the 

virulent isolate, a.nd 18 and 79 days for the .hypovirulent). 

In observatio.ns made on a separate set of inoculations 

with five hypovirulent isolates o.n American chestnut stump 

sprouts (the 1978 expe·riment for biocontrol of cankers on 

stump sprouts of Chapter '!hree) , fans were observed 136 days 

after inoculation in cankers of th.ree slightly pathogenic 

isolates (including Ep66) , but not in cankers (which were 

only initial lesions) of two weakly pathogenic isolates (see 

Table 7, Chapter 3 for canker growth statistics of these 

five isolates). From 44 to 79 days after inoculation, the 

last day of sa.mple collection in the 1978 time-course 

experi:ment, hyphae approximately 1 mm behind the leading 

edge of fans of the hypovirulent iso.late (Ep66) in stump 

sprouts appeared withered; .no large, vacuolate hyphae sach 

as i11 Figure 12E were observed; they appeared collapsed. In 

comparable regions of fa.ns of the virulent isolate, large-

diameter, vacuolate hyphae were present and small-diamete.r 

hyphae we:ce observed more frequently. This apparent lysis 

could best be studied by transmission electron microscopy 

and enzyme cytochemistry. In the separate set of 

inoculations, lysed hyphae were not observed in fa.ns of the 

s1ight1y pathogenic, hypovirulent isolates, McDI and W2 

{Table 7), nor in fans of virulent isolates biocontrolled by 
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hypovirulent isolates, EpJ and Ep14 

Lysed hyphae were seen in fans of 

virulent isolates bioco.ntrolled .by Ep66, the .hypovi.rulent 

isolate used for the time-course experiments. 

Characteristi£§ of Mature Cankers. Four coo.rdi:nated 

changes started in secondary phloem under the wound periderm 

as wound periderm formation began (Fig. 13A). These changes 

became more pronounced as woundperiderm aged, so long as 

the pathoge.n did not bypass or breach the wound pe:riderm. 

They were first observed in the Chinese and large, surviving 

American chestnut trees at 14-20 days ~ith both the virulent 

and h_ypovirulent isolates and. in the stu.mp sprouts. at 44 

days with the hypovirulent isolate and 77 days with the 

virulent isolate (see Figs. 7 and 8). 

First, hyperplasia occurred (Fig. 13C). The parenchyma 

strands and fiber-associated parenchyma strands (Fig. 13B) 

appeared to be the source tissue fo.r this parenchyma 

proliferation (Fig .. 13D). Proliferation apparently caused 

the presumably dead cells (nonf unctioning sieve tubes and 

companion cells) between the parenchyma strands (Fig. 13B) 

to be compressed (obliterated) to narrow lines running 

between the proliferated parenchyma (Fig. 13C). 

Proli.fera ti on occurred immedia·tely under wound periderm, 

and, in shallow infections. decreased deeper towards the 

vascular cambium. 
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Figure j].. Characteristics of old (greater than 50 
days) blight cankers on Ameri~an and Chinese chestnut 
showing incompatible · reactions (resistant host and/or 
hypovirulent .fungus)... Sections stained with safr-anin and 
fast green. !=£. Radial sections. .!· Day 79. American 
chestnut inoculated wit.h hypovirulen·t isolate o.f Endothia 
.,Earasi tica.. Modified .fiber bundle (mfb) # .normal fi.ber 
bundle {f.b) # parench_yma proli·feration (pp) and wound 
periderm (wp) are evident. j. Partially crossed 
polarizers. Day 53. Blight-resistant Chinese chestnut 
wounded but not inoculated. Illustrates appearance of 
normal non-sclerench_ymatous tissues of nonf unctioning 
secondary phl·oem.. A sheet of ra_y parenchyma (r) is on the 
right. An axial pa:renchyma strand (ps) traverses the space 
{compGsed of nonfunctioning sieve elements and cornpanion-
type cells) between the fiber bundles {fb). Fiber bundle-
associated axial parenchyma st.rands (fps) line the fiber 
bundles (fb) {x240). £. Detail of Fig. 13A. Three regions 
of prol:ife.rated axial parenchy.ma strands {pp) are evident 
between the fiber bundles (.fb). 7he dark lines betveen the 
regions are interpreted as sieve elements and companion-type 
cells crushed bJ the parenchyma proliferation {x120). R· 
Detail of parench_yma proliferation (pp) of Fig.. 13C, 
indicating that f.iber bundle-associated axial parenchyma 
strand {.fps), such as in Fig. 13D, is source tissue for 
lo-west third o,f parenchyma proliferation in Fig .. 13C (x390). 
J. Detail of Fig. 13A, showing modified fiber bundle {mfb) 
and normal fiber bundle (fb). Arrow points to curved fiber, 
one characteristic of modified fiber bundle {x220). l· 
Crossed polarizers. Same area as Fig. 1.3E. Note prismatic 
cr1stals in center (arrow), as well as edge, of modified 
fiber bundle {mfb). Druses {d) in part of a segmented 
fusiform axial parenchyma cell are visible; these may be 
more common in American chestnut {x220). Q. Transverse 
section of naturall.Y induced canker on large, surviving 
American chestnut, showing rounded characterstic in 
transection of modified fiber bundles (mfb) (x390) .. 
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Figure 14.. Sections of blight-resistant Chinese 
chestnut cv Nanking 1 and 2 years after inoculation with 
virule11t isolate of Endothi,2 12arasi·tica, stained vi th 
safranin a.nd fast green.. A· Year 1.. Slight~ly oblique 
radial section.. Hodif ied fiber bundle (.mf b) formed the 
previous year in response to infection .is underlain by 
normal fiber bundle {fb) surrounded by large-lumened sieve 
tubes of functioning secondar1 phloem. Underneath the wound 
periderm (wp) are bundles of sclereids (sh) (x42). ]. Year 
2. Transverse section.. Modified fiber bundles (mfb) 
underlain .by two yearly incremen·ts of normal fiber bundles. 
This year• s increment o.f fiber bundles is surrounded by 
.large-lulllened sieve tubes of functioning secondary phloem 
(x29).. £.. Detail of Fig.. 14B, showing two layers of wound 
periderm, formed in successive years. Lignification of 
phelloderm (lpd) under phellem (ph) may be the cause of 
formation 0£ the new wound periderm {x270}. 
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Second, fiber bundles being for.med near the vascular 

cambium were modified in structure (Figs. 13.E-G and 14A and 

B). In the wounded uninoculated treatments, this change was 

infreguent, occurring only .in ·the deeper wounds. To va·rying 

degrees, fibers in t.he modified .bundles had aspects o.f 

sclere.ids.. These aspects were shorter lengths, thic.k.er 

walls with conspicuous lamellations and simple pits, and 

curvature (Figs. 13E and 13F). The rows o.f prismat_ic 

crystals associated with the edges of normal fiber bundles 

were found in .modified bund.les at the middle as well as the 

edges of the bundles (Figs. 13E and 13F). The modified 

fiber bundles were rounded in cross section (Figs. 13G and 

14B) in co.mparison to the long, ·thin, normal bundles (Fig. 

14B} •. In radia.l section, they were shorter· than normal 

bundles (Fig. 14A). Some of the o.ldest sieve tubes in 

.functioning secondary phloem vere obliterated by parenc.h_yma 

pro.liferation next ·to modified fiber bundles. In Chinese 

chestnut in which wound-periderm had remained unbypassed by 

the fungus for one or two years, there were observed, 

corresponding.ly, one (Fig. 14A) or two (Fig. 14B) layers of 

normal fiber bundles underneath the layer of modified fiber 

bundles formed during the _yea.r of wound pe.ride.rm formation. 

Third, when colo.nization of the secondary p:l:lloem neared 

the vascular cambium and when sieve plates were occluded 

with P-protein (slime plugs, 23) , the num.ber of parenchyma 
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eel.ls p.roduced .by the vascular cambium increased and the 

number of s.ieve elements produced decreased. Balls of 

sclereids formed fi::om the parenchyma. They differed from 

the modified fiber bundles by lacking .!.ID!§ of prismatic 

crystals and by lacking fibers (elongate sclerenchyma). 

Callus (undifferentiated, isodiametric parenchyma, as 

distinguished .from cal.lose deposition on sieve plates) often 

formed from vascular cambium at the edge o.f this tissue next 

to the infection. If not infected itself, the callus grew 

into the space occupied by the infected tissue. 

Fourth, sclereid balls as just described formed also in 

proli£erated parencllyma strands immediately underneath wound 

periderm in nonfunctioning secondary phloe.m {Pig.. 14A). 

This occurred only in Chinese chestnut. Sporadic 

sclerif ication of a f ev pare.nchyma cells in both phelloderm 

and proliferated parenchyma strands was observed in American 

chestnut. 

In the time-course experiments, for any treatment of 

Chinese, .but not American chestnut (see below), the 

phelloderm parenchyma became sclereids (Fig. 14C) starting 

around day 37 (on Aug. 9 in 1978). By day 70, the more 

common state of the pbe11oderm in Chinese chestnut was for 

all of its cells to be sclereids. No phellogen vas visible. 

When this occurred there was a smooth, sharp transition from 

suberized phellem to scleri.fied phe.lloderm. Scattered 
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sclereids were observed also in phellem. The walls of the 

sclereids stained :with phloroglucinol-HCl and Maule's 

reagents and fluoresced yellowis.h green under uv light. The 

walls -were secondarily thickened and had simple pits. The 

following year, a second wound periderm formed under the 

first, most often immediatel1 adjacent to it (Pig. 14C). 

Lignification of phelloderm also was observed in sa.mples 

collected in November and March, from stump sprout and 

large, survivi.ng American chestnut trees. However, there 

appeared to be more areas of periderm with unlignified 

phelloderm in these samples, and, when lignification 

occurred, the cell walls were not rectangular in outline 

(Fig,. 14C) , but rather, showed irregular secondary wall 

thickening. Also, simple pits in the walls were not arrayed 

in a regular pattern. 

Summar1. The general sequence of events for all 

comhinations .may be summarized as follows, with exceptions 

noted below the summary: 

Days 1-8: H_yphae spread out from inoculation 
point, intra- and interc.ellularly, killing host 
cells before infection. Host esterase, B-
glucosidase, diaphorase, and peroxidase activities 
decline in advance of or concurrent with hyphal 
spread. 

Days 10-11: The initial lesion becomes completely 
surrounded by a lignif ied zone which stops hyphal 
spread. There is enhanced phenolase, peroxidase 
and B-glucosidase activity in the zone of 
lignif ication. 
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Days 11"""'.14: Wound periderm formation .begins under 
periclinally oriented lignified zone. At any one 
locale, the number of cell layers reaches maximum 
(a:bout 8) in 12-16 days. Twenty days elapse before 
wound periderm extends to outer periderm. 

Days 14-: Pare.nchyma proliferation, modification 
of phloem fiber bundles, sclereid ball formation 
and callusing begin and persist throllgh growing 
season. Normal fiber bundles form during next 
growing season when wound periderm is not breached 
or bypassed •. 

Days 14-20: Long, densely stained, intercellular 
hyphae form and aggregate. 

Days 18~30: Myce1ial fans form a·nd expand through 
the lig:nified zone. .Mycelial .fans are large enoug.h 
to deform tissues physically •. · Unlignified host 
ce1ls a.re killed up to 350 um in front of mycelial 
fans .. 

The exceptions were: 

In the initial lesion, wall-localized 

est erase activity persisted after in.fection of 

parenchymatous cells in Chinese but not American chestnut. 

Days 10-11: For Mullick's F-F test, stain penetrated 

the zone of lignification at day 10 in the inoculated stamp 

sprouts but not the other two tree types. No penetration 

occurred in any combination at day 12. 

Da,,I~ 10-11 : Enhanced B-glucosidase activity, located 

in the expected position of lignified zone fo:rmation, was 

observed at day 5 in 1979 in the large, surviving American 

chestnut tree inoculated with the virulent isolate. 

Days 11-14: tiound periderm vas not observed in stump 

sprouts inoculated with the virulent isolate until 14 and 20 
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days in 1978 and 1979, respectively. In stnm:p sprouts with 

the hypoviru.lent 

until 23 days 

isolate, wound periderm was not observed 

and later than 20 days in 1978 and 1979, 

The delay was correlated with the presence of .respectively. 

anticlinally oriented .lignified zones in this host. These 

were correlated in torn with the thin bark of t.he stump 

sprouts. In any host, wound periderm formation next to 

anticlinally oriented portions of li9nified zones was 

greatly delayed in comparison to periclina1 periderm. 

Days 11-14: YJhen lignified zones were oriented 

periclinally, wound periderm in the stump sprouts had about 

seven phel1em cell layers and took a.bout 40 days to extend 

to the outer perider.m, whereas wound periderm in the other 

tvo trees had nine to ten phellem cell layers and took about 

2 O days to e.xte.nd to the outer peridera. These differences 

may have been related in :par-t to the small tree size and 

shading by surrounding trees of the stump Sp.routs co.mpared 

to the other two tree types. 

Dall 14-: Phel.loderm parenchyma cells become sclereids 

in the Ch.inese.r .but not the large, surviving or stump sprout 

American chestnut trees. However, some lignification of 

phelloder.m was observed in other samples from American 

chestnut. 

Da,I§ 14-: Wound perider.m-associated sclereid balls 

formed in the Chinese but not the large, surviving o.r stump 

sprout American chestnut trees. 
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Qg_ys 14-20: Prior to mycelial fan formation, there 

were more hyphal aggregates at the lignified zone and more 

hyphae in t.he initial lesion in stump sprouts than in the 

other two tree types. 

Da1s 18•30: No fans were observed in 1978 in Chinese 

chestnut. In the large, surviving American chestnut, one 

fan of the virulent isolate was observed in 1978, at day 72. 

In 1979, in both the Chinese and the large, surviving 

American chestnut, .fans of the virulent isolate were 

observed at days 48 and 81. No fans of the hypovirulent 

isolate were observed in these hosts. Multiple fans, with 

one of ten at the vascular cambium, were observed frequently 

in the American chestnut stump sprouts but not the other two 

hosts •. In the stump sprouts, fans of the hypovirulent 

isolate expanded beyond the lignified zone 10 days later 

than fans of the virulent isolate. The fans of the 

hypovirulent isolate were not as thick as those of the 

virulent isolate* and after day 44, hyphae in some fans of 

the hypovirulent isolate appeared lysed. 

Discussion 

The histochemical procedures for detecting lignin are 

not absolutely reliable.. In particular, use of fluorescence 

microscopy for this purpose has not been systematically 
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explored, to m,Y knowledge. Mayama and Shishiyama {43) 

reported that barley sclerench:yma fluoresced yellowish green 

but that papillae, which for.med in response to infection by 

the powdery mildew fungus, fluoresced bright yellow. In the 

present study, the walls in the putative lignified zone 

£luor€sced yellowish green, as did the walls in all 

sclerenchyma and in the outer phellem layers of the original 

perider.m-. The wa.lls o:f these latter two tissues also 

stained with phloroglucinol-HCl and Maules reagents, as 

Srivastava (60) .has I:'eported. 

McClure (45), using Sudan IV, ammoniacal gentian 

violet, and phloroglucinol-HCl staining and chemical 

extraction procedures, found the cell walls of wound 

periderm induction .barrier 0£ sweet potato were infused wi·th 

lignin-like material .but not suberin-like material, as 

Artschwager and Starret (4) thought based on ammoniacal 

crystal violet staining. McClure found that ammoniacal 

crystal violet had affinity for lignin as well as suberin. 

Unf o.rtuna te.ly, McClure retained use of the term, 

"suberization," to describe formation of t.he barrier. This 

terminology, and the accompanying use of am.moniacal crystal 

violet to detect suberin persist today (30). This appears 

to have resulted in con.fusion between the so-called 

suberization of wound periderm induction barrier and 

suberization of phe.llem after wound periderm formation 
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begins. For instance, Kolattukudy (39) has proposed that 

all evidence for the involvement of lig.ni·fication in wound 

healing in Irish potato is indicative of incorporation of 

pheno1ics in suberin. Ho¥ever, the time sequence of 

incorporation of labled cinnamate (16), a phenolic, and 

oleate (18), a £atty acid, indicate the former is being 

deposited during induction barrier formation ( 1-2 days) and 

·the la·tt.er during perider.m formation (3-4 days} (3),. In 

addition, a.fter inoculation with Phoma exi_gna, Irish potato 

wound barriers (formed prior to the wound periderm induction 

barrier) stained using Maule's test (34) and the wound 

periderm induction .barrier stained wit.h phloroglucinol-HCl 

(66). Finally, extractive chemical procedures (34, 24) 

indicated deposition of lignin in the wound pe.riderm 

induction barrier. Impro·vement in our understanding of the 

structure of suberin is dependent on clarification of the 

timing of lignification during wound healing. 

Mullick and Je.nsen (see 50) have demonstrated beyond 

reasonable doubt that the walls of the wound periderm 

induction barrier in spruce are not suberized. However, 

they failed to explore the possibility that those walls are 

lignified.. They observed fluorescence of the barrier cel.l 

walls (the non-su.berized impervious tis.sue, NIT) in 

cryof ixed sections on a freezing stage. Thawing of the 

sections resulted in general fluorescence of all cell walls, 
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presumably .because phenolics were released from vacuoles. 

Mullick 's wor.k and the use of his .F-F test duri.ng this study 

support the concept that lignif ied wound periderm induction 

barriers are water impermeable (Figs. 2A-C) • The long time 

lag between lignification and periderm formation in chestnut 

(3-5 days) make it a better tissue ·than Irish potato tuber 

for study of the rslative impermeability of induction· 

barrier and wound periderm. 

Use of fluorescence to detect lignification was very 

helpful in establishing that phenolase, peroxidase a.nd B-

glucosidase activi·ties were enhanced in the zone of 

lignification.. Craft and Audia (17) found t.hat phenolase 

and peroxidase activities were en:hanced in or around the 

lignifying wound barrier (wound perider.m induction barrier) 

of various vegetables. Delon (19) also has suggested this 

for tomato roots responding to PyrE.nochaeta lycopersici 

infections. He found phenolase and peroxidase activities to 

be localized in the cell wall. Most other investigators 

(see 42) have found phenolase activity localized in 

plastids, as was :found during this study. Phenolase 

activity may be labile depending on incu.bation procedure. 

since it was detectable during this study only whe.n 

polyvinyl alcohol was added t.o the incubation medium (see 

13). There were differences betve,en Delon• s procedure and 

the Czaninski and Catesson procedure (see 42). B-
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glucosidase activity has not been 

.being involved in lignification 

induction barrier, although it 

reported previously as 

of a ~ound periderm 

can p.lay a role in 

lignification (29). The cytoplasmic localization of B-

glucosidase activity indicates that it may have another or 

an additional role than participation in .lignification: B-

glucosidase and phenolase may be 

anti-parasite metabolites, as 

chlorogenic acid indicate (45) .. 

involved in formation of 

McClure's findings with 

Enhancement of these enzy,me 

activities in a zone of lignification, which is a component 

of a non-specific response to injury, 

many of the reports of the involvement 

may be the basis for 

of the enzyIDes in 

for biotrophic plant disease resistance, especially 

pathogens {pathogens which obtain t.heir nutrition from 

living host cells). 

Mccarroll (44) has suggested that Chinese chestnut is 

resistant by means of a hypersensitive response. Resistance 

by means of a hypersensitive response implies that a plant 

is resistant because it can recognize a pathogen and that a 

plant is susceptible because it fails t-0 recognize a 

pathogen.. Only biotrophs should be resistant by virtue of a 

hypersensitive response, since necrotrophs {pathogens which 

obtain their nutrition from dead host cells) feed on dead 

tissue.. Muller (49) cited several examples of necrotrophs 

which had hosts resistant to them hy virtue of a 
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hypersensitive response. However, examination of each of 

those cases reveals that the "necrotrophstt apparently 

obtained their :nutrition from living cells: there was very 

little change in the structure of parasitized cells for 

several days after hyphae entered them. Reference 5 is an 

example of a recent paper indicating the biotrophic nature 

of one of liuller• s ''necro·trophs." .Eniiothia _Earasitica, on 

the other hand, is definitely a perthophyte (a pathogen 

which kills host cells before obtaining uutri £rom them). 

:l'he observed death o.f host cells in advance of hyphae in 

both Chinese and Am€rican chestnut (see Fig. 4F) suggests 

that blight-susceptible chestnuts recognize the blight 

pathogen (58) .but cannot respond adequately; thus, the 

hypersensitive response, suggested by Mccarroll (44), does 

not appear to be a means of chestnut blight resistauce. 

The correlations, between blight resistance and the 

presence 0£ preformed chemicals in the host which inhibit 

saprophytic growth of the pathogen (33, 57, 51), are not 

inconsistent with the hypothesis that the primary events of 

chestnut blight resistance occur after recognition. If the 

primary events of bl.ig.ht resistance occur a.fter recogrdtion, 

~- .£B_rasitica should be a better saprophyte in Ame.rican than 

Chinese chestnut; specifically, it. should be better able to 

form hyphae a.nd mycelial fans in dead tissues of the former. 

One potential difficulty with this test is that the 
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lignified zone, by stopping growth of individual hyphae 

(Fig. 1E), may stimulate hyphal bu.ild-up and .fan formation; 

thus lignification may be a prerequisite for fan formation. 

Pure culture work by Elkins and associates (21) supports the 

idea that j. .E~~~itic4·is a better saprophyte in American 

than Chinese chestnut. 

There is evidence 

resistance influences 

against the 

the saprophytic 

idea that blight 

behavior of 

.Eyasitica. First, stressed Japanese chestnut trees are 

more readily colonized by j. Earasitica than unstressed 

trees (64). Correlations between site factors and disease 

intensity suggest the same may hold for Chinese chestnut 

{37). Part of the mec.hanism for stress-promoted canker 

expansion undou.btedly lies in inability of the tree to form 

callus and wound periderm while stressed (64). However, 

another part may be a lack of biochemical defense responses, 

permitting mycelial fan formation. This is suggested by the 

apparent association of mycelial .fans with stress-promoted 

canker expansion (64) and with saprophytic colonization of 

Chinese chestnut bark by !· ~rasitica (Griffin and Hebard. 

personal ohse.rvation). On the other hand, Anderson and 

Babcock (2) specifically mention that no mycelial fans 

formed during the extensive canker expansion which occurred 

in felled infected chestnuts during the original pandemic. 

Second, in response to applied chemicals, MCCarroll (44) 
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found that Chinese chestnut functional phloem browned at a 

lower concentration of buffered oxalate or at a higher pH of 

various buffers than American chestnut .functioning phloema 

This suggests that the speed of biochemical de:f ense 

responses of unstressed American chestnut is inadequate to 

avoid disruption of the responses by E. parasitica. 

Comparing t.he interval between wounding a.nd the time -when 

inoculation is unsuccessful in resistant and susceptible 

chestnuts would be an experilllent which would tangentia.lly 

evaluate this suggestion,. 

One mechanism of disruption of host defense could be 

consumption of tannins hy the fungus, before they could 

comp.lex with soluble protein, starch or cell wall/middle 

lamella constituents. This ~ould render these nutrients 

unavailabl-e to the fungus. such a role for chestnut tannins 

in disease resistance is suggested by the findings of 

Basara.ba and Starkey (6) , which were that soil organisms 

vere able to decompose chestnut 

co.mpounds were separate but not 

esterase activity persisting 

tannin and protei.n w.he:n the 

when they were .mixed. The 

in cell walls of Chinese 

chestnut after infection of the lumen (Fig. 3H) may be 

playing a role i.n such a process. The esterase might 

catalyse hydrolysis of h.ydrolysahle tannins. protein side 

cha.ins and/or pectin esters, enabling chemical interaction 

between tannin (or oxidized tannin) and pectin, or tannin 

(or oxidized tannin) and protein. In this regard, 
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occasional .FeC13 staining of 

near the lignified zone was 

study (page 30). 

the walls of cortical cells 

observed during the present 

It appears t.hat m1celial fan formation is essential to 

enlargement of chest.nut .blight cankers. During this study, 

it was exclusively associated with enlargement (page 69), 

which Bramble {12) and Keefer (38) also observed on American 

chestnut, and which Bazzigher (8) and, apparently, Grente 

and Berthelay-Saur€t (26) observed on European chestnut. 

Mittempherger (47) in Italy, observed that cankers healing 

on European chestnut in associatio-n with 

phenomenon of ten lacked mycelial fans. 

study, fan formation was observed 

the hypovirulence 

During the present 

with two slightly 

pathogenic, hypovirulent isolates, but was not observed with 

two weakly pathogenic (less than slightly pathogenic) 

hypovirulent isolates (page 70). In the two time-course 

experiments, fans of the hypovirulent isolate (Ep66) formed 

only in the stump sprouts (page 69). On Japanese chestnut, 

Ucl:dda (64) observed .mycelial fans associated with canker 

enlargement,, but cankers with no outward symptoms and no 

mycelial fans were observed also. Uch.ida and ·the author 

personally observed a canker of this type which had girdled 

the base of a tree to the vascular cambium; the tree was 

dead. 
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Anticlinally oriented ligni£ied zones were associated 

with delayed start of wound perider.m forma tio.n in American 

chestnut stump sprouts (page 54) and in the blight-resistant 

hosts (Figs. 6B and 6D). Anticlinally oriented lignified 

zones occurred frequently in stump sprouts because their 

bark was thinner than the bark of the resistant trees (page 

55) • This prevented proof that deficiencies in the rate and 

extent of wound periderm formation are not involved in 

expansion of cankers on vigorous American chestnut trees. 

However, I did observe several instances where stump sprout 

American chestnut inoculated with a virulent isolate started 

forming wound periderm no later than Chinese chestnut (page 

45 and Fig.. 7). Additionally, the rate of wound periderm 

form.a ti on next to anticli.nally orien-ted lign:ified zone.s was 

similar in all uninoculated hosts (page 54). (It could not 

be observed in the inoculated stump sprouts because fan 

expansion in inoculated stump sprouts occurred first.) 

Finally, the lignified zone appears to act as a wound 

periderm induction barrier (Figs. 6A and 6C, Ref. 12), as is 

observed commonJ.y in plants (65) ; no differences were 

observed .between any host-treatment combinations in the rate 

of formation -of the lign:i£ied zone (page 26). This suggests 

strongly that there are no inherent differences in the rate 

of wound periderm formation among any vigorous i.ndividuals 

of the species examined with any inoculum type. 
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Using undisclosed microchemical tests, Keefer (38) 

observed lignif ica tion of parenchyma to us cells in American 

chestnut bark in the vicinity of myce.lial fans of ~· 

2arasitica, (such as in Fig. SD), and Bramble {12), using 

phloroglucinol-HCl, also observed this. Bramble (12) 

observed intense FeC13 staining in tissues !there wound 

perider.m was forming in American chestnut,, and he observed 

that formation occur.red .next ·to a lignified zone (such as in 

Figs.. 6A and 6C), al·though he mentions the formation in 

connection with mechanical wounding onl.y. In Japanese 

chestnut, Uchida (64) observed a brown zone forming before 

wound periderm formation and immediately adjacent to it .. 

That zone appears to correspond to the lignified zone 

observed in the present study, although the lignified zone 

observed during the present study appeared translucent on 

macroscopic examination ... Bramble (12) reported a faint pink 

coloration with ph1oroglucinol-HC1 of host cell walls 

immediately in advance of mycel.ial fans. No fluorescence of 

such cell walls was observ·ed during the present study, nor 

li/as the faint pink color localized in middle lamellae and 

cell wall corners, as in Figs. 1D and 1H, indicating the 

walls wer·e not lignified.. Lignified walls become bright red 

after staining wi·th phloroglucinol-HCl .. 

Grente and .Bert.belay-Sauret (26) s·tate that differences 

in rate of wound perider.m formation occurred with 
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inoculation of virulent and hypovirulent strains of j. 

Earasitica in European chestnut. It is not possible to 

evaluate this claim in the absence of supporting data, but 

during the first 30 days after inoculation .in the present 

study• there were no substantial di.fferences in rate of 

wound periderm formation between the virulent and 

hypovirul.ent strains on any host (Figs. 7 and 8, Table A). 

Di£ferences existed in the occurrence of mycelial fans (page 

69}, in the time of first expansion of fans (page 65), in 

their thickness (page 69), and later in the apparent lysing 

(page 70) of large, vacuolate hyphae (such as in Pig. 12~ 

in fans of the hypovirulent isolate.. At that time, of 

course, there were differences in the extent and degree of 

wound periderm development associated with cessation of 

canker enlargement. Since the start of wound periderm 

formation in the stump sprouts sometimes :was delayed in the 

inoculated compared to the uninoculated treatments (Figs. 7 

and 8), it is possi.ble that a hypovirulent strain of .lesser 

pathogenicity than Ep66 would have given a faster rate of 

wound periderm .formation than a virulent strain. This could 

happen especially if the initial lesion formed by the less 

pathogenic strain did not extend to the vascular cambium, 

thereby giving rise to a periclinally oriented lignified 

zone and proba.bly :more rapid formation of wound periderm. 
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-The higher frequency of occurrence, at the lignified 

zone of small aggregates of densely stained hy_phae of the 

virulent isolate in the stump sprouts compared to the other 

two hosts (page 42) may have contributed to the delay in the 

start of wound periderm formation in the stump sprouts. For 

instance, the aggregates may have stimulated an increase in 

the number of cells in the lignified zone, which superceded 

wound periderm fo.rmation. But a high frequency of hyphal 

aggregates likely would precede mycelial fan formation with 

any st.rain of !· parasitica on any Castanea. It does not 

appear that a delay in wound periderm formation is necessary 

to pathogenesis. Even though wound periderm formation in 

the Chinese and large, surviving American chestrmt ·trees 

proceeded equally as fast in 1979 as in 1978, more instances 

·of canker expansion occurred in these two hosts in 1979 than 

in 1978.. Mycelial fans penetrating lignified zones where 

wound periderm had not yet formed were associated with that 

expansion (page 69). 

It seellls clear that few barriers could withstand the 

physical pressure generated by a mycelial fan wedged between 

two fiber bundles (Figs. 12C and 12D), or between the outer 

periderm and co:rtex, in combination with the meta.bolic 

activity of the hyphae at the fan tip. Because hyphae at 

the fan ·tip have dense cytoplasm (Fig. 12F) • they _probabl_y 

have high metabolic activity. During the present study, the 
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advance of individual hyphae stopped in association with 

ligni.fication (F'ig. 1E), as 'Walker and Wade (66) have seen 

in potato tubers .infected by P.homa e.xigua. But the 

lignified zone was not able to check ·the progress of 

.mycelial fans. In the large, surviving American chestnut, 

we observed also a wound periderm with two phellem cell 

layers wich was breached by a mycelial fan, although there 

were adjacent areas where that fan had breached a gap in the 

wound periderm (page 69). There are several examples in the 

literature where penetration of wound periderm occurred only 

with massed hyphae (14, 15, 20, 56, 62, 63). In some of 

t.hese cases, there is convincing evidence that physical 

pressure was exerted by t.he massed hyphae ( 15, 63). Both 

Keefer (38) and Bramble (12) stated that advance of mycelial 

fans in American chestnut occurred by mechanical pressure of 

the fan, not enzymatic means. My observations also indicate 

this. 

There was no evidence supporting Rankin (55), Anderson 

(1) and McCarroll 1 s (44) model of maceration of tissue prior 

to colonization by hyphae or a mycelial fan .. Their model 

appears to be 

In fact, 

based on speculation instead 

the only gelatinous-type 

of observation. 

zone observed 

macroscopically at the ·tip of fans was composed 0£ hyphae, 

presumably the densely stained hyphae of Figs. SD and 12F. 

A brown zone, less than o.s mm wide, was observed 

macroscopically in front o.f t.his zone o.f hyphae. 
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Presumably, the brown zone corresponds ·to the discolored, 

dead cells observed m.icr:oscopically up to 250-350 um in 

front of fans (Figs. SD and 12C). In fresh, freehand 

sections, Bramble (12) observed cells with brown walls in 

£ront of mycelial fans. 

thing that Oc.hida (64) 

[This brown zone is not the same 

observed. He has stated (personal 

communication) that he considers his brown zone identical to 

the ligni£ied zone d·escribed in this chapter. ] 

In mature blight cankers on European chestnut, Biraghi 

(11) observed and documented the formation of modified fiber 

bundles and subsequent reversion of bundle :formation to the 

normal sequence. He did not establish the time sequence of 

reversion. He also observed hyperplasia of phloem 

parenchyma. Bramble (12) showed that swelling of stems at 

blight cankers was due to an increase in bark thickness 

rather than an increase in thickness of annual rings. He 

attributed most o.f the in.crease in thickness to bark tissues 

under the periderm. I found that proliferation of 

parenchyma strands (Pigs •. 13C and 13D) was the main source 

of the increase in width. The lack of association of 

prismatic crystals with sclereid balls {page 77) is new 

evidence in support of Holdheide•s contention (see 23 and 

52) that prismatic crystals are associated e.xclusively with 

vascular cambium-derived fiber bundles. Stanghellini and 

Aragaki {61) observed formation of sclereid balls under 
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wound periderm in papaya fruit. Uchida (64) observed callus 

forming from vascular cambium at the edges of blight cankers 

on Japanese chestnut vhich extended to the vascular cambium. 

He observed formation of a new periderm on the exterior of 

the callus. Headland, ~! al (31) observed xylem callus 

ridges in exposed xylem of cankers on Chinese chestnut, and 

obsecved invasion of phloem callus on established cankers. 

Whether invasion occurs from phloem or xyle_m is not clear .. 

I·t is significant .biologically that the large, 

surviving American chestnut tree and the Chi:nese c.hest.nut 

tree were similar in their response to inoculation. Aside 

from the esterase difference, the only difference was that, 

in 1978, one canker in the American tree but none in the 

Chinese trees showed mycelial fan formation and growth (page 

69). However, the American. tree is clearly more susceptible 

than the C.hinese trees; it is heavily cankered whereas most 

of the Nanking Chinese chestnut trees have one or no 

cankers. This indicates that, sometimes, chestnut blight is 

not e.xpressed as differences in the growth rates of 

expanding cankers, hut, rather, as differences in 

.frequencies of occurrence of canker expansion.. Uchida (64), 

with artificially inoculated .Japanese chestnut, showed that 

the incidence of canker expansion, as well as the rate of 

expansion in those cankers which expanded, was dependent on 

the cultural environment of the tree. 
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Uchida appears 

(9) finding 

is not correlated with 

to conflict with 

that failure of 

chestnut blight 

resistance but that 

with resistance. 

rate of canker expansion is correlated 

Howe·ver, failure of inoculation most 

likely is failure of initial lesion formation whereas canker 

expansion occurs after initial lesion formation. Since 

Uchida had 100% incidence of expansion in some treatments, 

he probably had few . or no inoculation failures in any 

treatments. 

During the present study, when canker expansion did 

occur on the res.istant hosts, generally only one mycelial 

.fan formed, located in super.ficial layers of the bark and 

underlain by a lignified zone and wound periderm (Fi9. 5D). 

The fans did not grow in length as far as fans in 

susceptible hosts (Figs. 9 and 10)• where multiple fans, 

with one often located at the vascular cambium, were common 

(Figs. 12C and 12D). The tendency for wound periderm to 

f or.m first at the point of deepest penetration into the bark 

(Fig. 7) , under periclinally orie;nted li9ni:fied zones {Fig. 

6E), probably is the principal cause of tlle superficial 

location of slow growing fans. It appears that large, 

super:ficial cankers will f o:cm commonly in hosts of 

intermediate resistance or with fungus of intermediate 

pathogenicity, but that this probably will be influenced 
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strongly by environmental conditions 

the propensity of the host ·to for.m 

(64). I suggest that 

rhytidome also will 

in.f luence the for ma ti on of superficial cankers. 

The histopathological characters of resistance and 

.hypovirulence developed during this study are based on the 

exceptions to the general sequence of events presented in 

the summary (pa-ges 78-81).. The characters for hypovirulence 

are the same as those for resistance except for the lysis of 

the large diameter hyphae in mycelial fans of the Ep66 

isolate. This characteristic was not shown by other 

h ypovirulent isolates. The microscopical characters of 

of resistance/hypovirule.nce center 

mycelial fan development and the 

development. For the pathogen, 

around the degree 

degree of wound periderm 

the characters include the 

number of mycelial fans, their location in the bark, their 

thickness, and the number o:f individual hyphae (not fa.n 

hyphae). .For the host, microscopical characters of 

.resistance/hypovirulence include the outermost location of 

wound periderm, the number of cell layers in a periclinally 

oriented portion of the periderm near the outermost locatiou 

of wound periderm, the number of cell layers in periclinally 

oriented wound periderm near a fan tip, the distance between 

the fan tip and the end of wound periderm formation, the 

number of cell layers in proliferated parenchyma strands, 

the number of interfascicular regions showing hyperplasia, 
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the occurrence of slime plugs in phloem sieve tubes, the 

occurrence of callus-like phloem tissue, the number of rows 

of modified fiber bundl€s, and the number of rows of normal 

fibers underneath them. These .last two sympto.ms give an 

indication of how old a canker is and how long canker 

expansion has been checked. Until the relationship between 

hark thickness prior to inoculation and the occurrence of 

wound periderm in inoculated, blight-susceptible American 

chestnut is clarified, the occurrence of formation of 

perider.m after artificial inoculation should not be relied 

upon as a symptofil of resistance/hypoviru1ence. 

blight resistance of sclereid balls in 

The role in 

callus a:nd 

proliferated parenchyma strands in Chinese chestnut is 

unclear.. T.he lignif ication of the phelloderm may help 

exclude fungus from uninfected tissue and may play a role in 

sloughing of can.kers. This last characteristic has been 

observed in other plants {pp 24 7-248, 52). 

Macroscopical characters of resista.nce/hypovirulence 

include, for the pathogen, the development in time of 

density o.f parasite fruiting and o.f the presence of mycelial 

fans.. For t.he host, macroscopical characters of 

resistance/hypovirulence include the size of initial lesions 

(for so.me hypovirulent isolates only), the time after 

inoculation until the canker expands beyond the initial 

lesion, wldch is closely related to the first appearance of 
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mycelial fans, the rate of canker expansion after that 

point, the occurrence and extent o.f infection to the 

vascular cam.biu.m, and, in cankers which extend to the 

vascular cambium, the occurrence of callus ridges and the 

spacing between successive ridges (31). The degree of 

superficiality of a young (<1-yr-old) canker is more easily 

measured macroscopically than microscopically, by 

determining the distance between the canker margin and any 

infections to the vascular cambium. Depth of inf ecton also 

can be measured macroscopically. In superficial ca.nkers, 

the canker ci.rcumference at mid-canker compared to limb 

circumference above and below the canker (31) is a measure 

of phloem parenchyma proliferation (assuming yound periderm 

thickness is constant). Users of these characters of blight 

resistance/hJpovirulence should keep in mind the central 

role of mycelial .fan formation in blight susceptibility and 

the probable involvement o.f the environment in wound 

perider.m formation and associated phenomena. 

Hebard and Kaufman (33) observed that some axenic 

callus tissue cultures of resistant and susceptible chestnut 

were colonized regardless of the density of ]. parasitica 

inoculum. This colonization of tissue cultures appears to 

be an analogue of initial lesion formation.. During the 

present study, there were no consistent differences between 

hosts in initial lesion size (Table 2). From the present 
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study, one would expect, however, that colonized callus 

tissue cultures from blight-susceptible hosts as com.pared to 

bligh·t-resistant hosts would show more hyp.hae (Table 1) and 

possibly even mycelial fan for.mation .. In relation to this 

expectation, Hebard (unpublished data) observed that 

numerous pyc:nidia of E,., ,Earasitica formed on colonized 

callus tissue cultures of blight-susceptible American 

chestnut, but that few or none formed on colonized ca.llus 

tissue cultures of blight-resistant Chinese chestnut. 

Hebard and Kaufman {33) also observed that the frequency of 

occurrence of colonization of tissue cultures was less for a 

hypovirulent isolate (JR2043=Ep4) of ]. ,Earasitica than for 

a virulent isolate. However, since the initial lesions 

formed by many hypovirulent isolates (including Ep66) are 

similar in size to those formed by virulent isolates (22), 

this difference observed by Hebard and Kaufman (33) between 

virulent and hypovirulent isolates probably would not hold 

for all hypovirulent isolates. 
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CHAPTEB T.HRE.E 

RESISTANCE TO BLIGHT IN Ati:ER.ICAN CHESTNUT 

AND EFFECT OF RESISTANCE ON DISEASE CONTROL 

US.'ING HYPOVIRU.LENT ST.BAINS OF .ENDOTHIA PAR!\SIT.ICA. 

Introduction 

Hypovirulent (H) isolates of E. parasitica have been 

shown to give biological co.ntrol of individual cankers o.n 

American chestnut incited by virulent (V} isolates (18). 

However, there have .been no reports o.f natu.ral spread of the 

hypovirulence factor from canker to canker on American 

chestnut, as appears to occur in Europe on European 

chestnut.. The probable reason for this is that hypovirulent 

inoculum does not reach virulent cankers frequently enough. 

One possible cause of this is that there are not su.fficient 

sources of hypov.irulent inoculum. 

In Europe, large, superficial cankers incited by 

hypov.irulent strains occur naturally (28). Large cankers 

assuredly provide more inoculum than small cankers. A 

hypovirulent isolate with some degree of sporulation 

presumably would provide more inoculum than one which gave 

cankers of equal size with no sporulation. After artificial 

inoculation with virulent isolates, super.ficial cankers 

apparently are not uncommon on :European chestnut (9), but 
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are uncommon on American chestnut. Blight-resistant Chinese 

chestnut trees (26) and .large, surviving American chestnut 

trees commonly do have naturally incited, large, 

predominantly superficial cankers on them, that appear to be 

incited by virulent isolates of l!· J?arasitica (25). Thus, 

the large, surviving American chestnut trees appear to .have 

some degree of blight resistance. Transformi.ng the virulent 

fungus in large, superficial cankers to the hypovirulent 

form might be a means of obtaining large sources of 

hypovirulent inocu.lum. In addition, the superficial nature 

o.f the cankers, as compared to typical cankers on American 

chestnut, would permit the tree and thus the canker to 

persist l.onger, increasing the opportunity for hypovirulent 

inoculum to reach the canker. Finally, increased resistance 

in American chest.nut might slow epidemics caused by virulent 

I· parasitic~. If so, the trees might not be overwhelmed 

before the hypovirulence .factor{s) could act. Slower 

epidemics also would result in prolonged existence of a 

relatively large population of I· .:egrasitica, which would 

increase the opportunity for epidemics of hypovirulence to 

occur on the fungal population,. Thus, American chestnuts of 

higher than normal blight resistance might facilitate spread 

of the hypovirulence factor. Integration of these two 

control strategies mig.ht provide satisfactory management of 

b.light on America:n chestnut. 
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The purpose of the studies for the present chap·ter was 

to compare disease control with selected 

virulent-hypovirulent combinations on blight-resistant and 

blight-susceptible American chestnut.. To this end, it was 

.necessary also to establish t.hat some American chestnut 

trees had some degree of blight resistance and to select 

virulent-hypoviru.lent combinations with desirable 

properties,. Desirable properties in the combination were 

so.me degree of sporula·tio.n in the H isolate and some degree 

of ability by the H isolate to cause cessation of spread of 

cankers incited by t.he paired V isolate .. 

Mate..rials and Methods 

l!Q.§1 plants American chestnut stump sprouts growing in 

the Jefferson National Fo:rest near Blacks.burg, Virginia, 

were used to test hypovirulent st.rains fo.r disease control 

on·blight-suscepti.ble plants and to test pathogenicity of 

isolates. Sprouts growing both in sites with poletimber-

and sawtimber-sized trees and in recently clearcut sites 

were used for these tests. In addition, stems we.re excised 

in wintertime from such sprouts to conduct pathogenicity 

tests. seedlings of presumably :b.l.ight-susceptible American 

chestnuts growing in Wisconsin ti1ere used to test 

pathogenicity and to develop a .micro-inoculation method for 
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seedlings and grafted scions. Three- a.nd four-year-old 

seedlings a.nd three-year-old scio.ns of larger surv.ivi.ng and 

blight-susceptih1e American chestnuts g.raf·ted on Chinese 

chestnut stock were used to assess the effec·t of resistance 

on disease control by hypovirulence. The characteristics of 

the paren·t trees and scion sources are given .in Table 5. 

The seeds were germinated in 12.S cm pots in the 

greenhouse in February, 1977 and 1978. They were 

transplanted in May and June of the same years to a nursery 

plot, in rows 90 cm apart, with 45 cm between plants in a 

row •. · Weeds were controlled by hoeing. The seedlings were 

irrigated as necessary in 1977 and 1978. Wire cages were 

placed around the seedlings i.n the winter of 1978-79 to 

control rodent damage •. · Scions we.re topvorked onto 15- to 

30-year-old Chinese chestnut by bark grafting (16). Eleven 

trees were topworked, each tree :receiving four scions from 

each source, often on one cut on a branch. Only four stocks 

supported -good growth of scions. . On one of these four 

trees, a.11 but one of the scions failed in the subsequent 

years due to stock-scion incompatibility. .Failures in the 

other seven stocks apparently occurred due to stock-scion 

incompatibility in some cases and low vigor of the tree in 

other cases. Figures 15A to 15E are photographs of the 

seedlings and graphs. 
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Table 

Characteristics of source trees for grafts and seedlings of American chestnut and number of scions obtained 
and number of scion branches inoculated with Endochia parasicica. 

~fame 

GladA 

GladB 

Amhsc 

Parent 
tree 
tvpe 

susceocible 
seedlino;s 
susceptible 
seedlings 
large, 
surviving 

Weekly large, 
surviving 

Fldg large, 
surviving 

Flds large, 
surviving 

Swenc large, 
surviving 

Gaul2 large, 

o!cDI 

McDII 

Hornl 

Horn3 

Pea3 

GladR 

surviving 
large, 
surviving 
large, 
surviving 
large, 
surviving 
large, 
3urviving 
large, 
surviving 
susceptible 
sprouts 
susceptible 
seedlings 
large, 
susceptible 
seedlings 

Parent 
tree 

diameter 
at breast 
height 

cm 
I 

102 

72 

35 

18 

68 

39 

31 

28 

25 

91 

Percent 
live crown 
in parent 

r:ree 

70 

60 

85 

20 

60 

j0 

50 

20 

90 

70 

70 

100 

Graft 
Tree or 

index* seedling 

graft 

2.48 graf c 

2.02 graft 

l. 72 graft: 

0.18 graic 

l. 97 graft 

1. J l both 

0.90 both 

2.16 both 

1. 76 seedling 

l. 17 seedling 

l.03 seedling 

seedling 

seedling 

;2· seedling 

Presumed 
pollen 

5ource for 
seedlings 

Gaull 

~kDII 

'lcDI 

Horn2 and HornJ 

Hornl and Horn2 

Peal and Pea3 

ocher WVM 

ocher GladR 

ocher Wisc 

l.Diamecer of seem which extends only 30 co 40 cm above ground on one side. 
? 
-·Noc infected by Endothia parasicica. 

*Tree index= log [(diameter at breast height-7) 2 ~ (100-percenc live crown)]. 

Number Number of County and 
of branches state of 

scions inoculaced origin 

2 

4 

5 

2 

2 

4 

2 4 

'loncgomery 
Co., VA 
~lontgomery 

Co., VA 
Amherst 
Co., VA 
Doddridge 
Co., WV 
Floyd 
Co., VA 
Floyd 
Co., VA 
Doddridge 
Co., VA 
Coshocton 
Co., OH 
Monroe 
Co., WV 
Monroe 
Co., IN 
Stark 
Co., OH 
Stark 
Co., OH 
Monongalia 
Co., WV 
Pendleton 
Co., WV 
Montgomery 
Co,, VA 
Trempealeau 
Co., WI 

This is constructed from the equation. percent live crown 2 100-(diameter-7) 2 ~ lotree index, which assumes 
chat the percent live crown decreases as a chestnut tree ages, due to blight. Diameter is a measure of age, 
therefore, as l/lotree index approaches zero, a tree should retain a larger percent crown for longer period. 
The reciprocal makes tree index increase as diameter and crown rating increase. The exponent confines tree 
index co a small range of numbers. Seven is subtracted from diameter to discount the average tree, many of 
which reach a diameter at breast height of 7 cm. The difference is squared to weight diameter more heavily 
than crown racing. 
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F.igure 15. Photographs of grafts and seedlings o.f 
large, surviVIng American chestnut trees. !· T.bree- and 
four-year-old seed1ings. The wo:man is 156 cm tall. ] and 
]!.. De·tai.l and perspective photographs o.f a graft of the 
McDII tree, which was killed after inoculation with the 
b.light fungus. The arrow points to the graft union.. .£. 
Photograph showing six grafts {arrows). 
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Pathogen. Four virulent and four .hypovirulent isolates 

of ~.. Earasit.ica were used ·to select virulent-hypovirulent 

combinations. The characteristics and sources o.f these 

isolates are given in Table 6. There were 16 pairwise 

combinations of these isolates.. The 16 combinations were 

tested .for vegetative compatibility using the criteria 

described by Anagnostak.is {1). Anasta.mosis also vas 

examined microsco.pically o:n water agar .medium and on 

cellophane .fil.m placed on top of agar. The cellophane was 

removed, the hyphae fixed and stained by placing the 

cellophane in acid f uchsin, fol.lowed by dehyd.ration in an 

ethanol series, clearing in xylene and mounting in Permount 

(Fisher scie.nti.fic, Inc., Pittsburgh, PA). 

Pa·thoqenici!.I tests. For all tests, the isolates were 

divided into sets of five. Each set of isolates was 

inoculated using the cork-borer, agar-disk method (25) into 

a block o.f five American chestnut stump sprouts, each sp.rout 

receiving all five isolates. 

diameter at breast height 

agar-disk {O .. 6 cm diameter) 

The sprouts exceeded 2.5 cm in 

(1.4 m) (dbh). The cork-borer, 

method of inoculation (25} vas 

used with sterile technique. 

the edge of growing cul tu.res .. 

Disks we~re obtained 1 cm from 

wounds were made to the 

xylem, and as many disks inse.rted into the wounds as was 

necessary to fi.11 them, only one disk being necessary more 

t.han 903 of the time. The inoculation points were wrapped 
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Table 6 

Characteristics and sources of isolates of Endothia parasitica used in the studies 
for this dissertation. 

Virulent 
or hypo-

Name virulent 
Pathoge-

dsDNA nicity 

Ep39 V no high 

CR 

Weekly 
(WE) 

McDI 
(MC) 
Ep66 

Epl4 

Ep3 
(Epll3, 
:S2025)2. 
!~2 

(W2(77)) 

V not very 
tested high 

V not high 

v 

H 

H 

H 

H 

tested 

not very 
tested high 
yes slight 

yes weak 

yes weak 

results slight 
ambiguous 

Colony 
v-c morpho-
/gpl. lop:y 

9 yellow. 

yellow 

yellow 

yellow 

predominantly 
white, rela-
tively slow 
rowin 

8 predominantly 
white, methio-
nine-requiring, 
sectored on 
occasion 

10 stable 
white 

yellow 

Origin 
Literature 
reference 

isolated by J. Elkins 1,2 
in Athens, WV, sent to 
J. Elliston, then to 
G. Griffin 
isolated by J. Elkins 25 
at Cool Ridge, WV 
isolated by G. Griffin 25 
at Doddridge County, 
WV 
isolated by G. Griffin 
at Monroe County, WV 
isolated in Italy, 
sent by J. Elliston 
to G. Griffin 

American isolate 
transf ot'llled to hypo-
virulen t by a French 
isolate 

isolated by J. Grente 
in France, sent by J. 
Elliston to G. Griffin 
single-spore progeny 
of reisolate of mass 
tissue isolate: original 
isolated by G. Griffin 
at Centerville VA. 

25 

13,17 

1, 2, 12, 
13, 17' 
18 

1,3,4,12, 
13, 14, 15, 
17. 29. 34 
12, 25 

10 The vegetative compatibility group in the system established by Anagnostakis (l). 
2. 
Note that Ep3 is Epll3 (15), that Ep3 also is B2025, that Ep4 is JR2043 (13), and 
that JR2043 is a single-spore isolate of B2025 (3). Yet it has been shown that 
En3 and Ep4 have different dsRNA patterns (13, 15), that of Ep4 being typical of 
H isolates from Europe which Dodds examined (15). 
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with masking tape. The isolates were placed si:ngly at 40 cm 

intervals down one side of a tree, the same compass 

orientation of the inoculated side being kept for all trees 

in all blocks. Each o.f the inoculation points at similar 

levels o.n the five different trees in a block received a 

different isolate. Within a block, the sa.me order of 

isolates was maintained from top to bottom on each tree, 

exc•ept that the top isolate from one tree became the bottom 

isolate on the next tree,. This is a Latin Square design .. 

Another set of five isolates was then inoculated into 

another b.lock of five trees, so that each experiment 

consisted of a series o.f disconnected blocks. Othe·r 

designs, such as incomplete, randomized block designs, could 

have been utilized, but these would have been much more 

difficult to establish in the .field for large numbers of 

isolates, such as 100-200. It would have been difficult to 

carry around that many isolates, and the book-keeping would 

have .been tireso.me, leading to errors .. Also, cultures 

probably would not have been inoculated on the same day, and 

this would have led to contamination problems, not to 

mention an increase in variance of canker lengths due to 

disparity in culture age. The disconnected series of Latin 

Squares led to high compu·tational costs in analysis of 

variance, but analyzing the data as a series o.f disconnected 

randomized blocks did not alter the variances obtained 
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(changes of less than 1%).. In other words, there was no 

significant {p<0 .. 05) effect on canker length of the position 

0£ canker on the tree by an F-test .. 

·Inoculations were made between May 15 and June 15 of 

any year, :mostly within 5 to 7 days o.f each other. Canker 

lengths were measured a.bout Augus·t 5 and October 5. At the 

October measurements, the cankers were dissected to reveal 

their margins more clearly and to assess the degree of 

canker superficiality. The sporulation and degree of 

swelling of the cankers also was assessed in October. 

Biocontrol tests .Q.!! stnm,E sprouts. Disease control 

(biocontrol) was assessed after co-inoculating American 

chestnut sprouts with t.he 16 H-+V pairs formed from the 

isolates of Table 6. Each sprout received one H+V pair and 

a subplot of 16 sprouts contained· all 16 H+V pairs. There 

were four subplots giving 64 sprouts and four replications 

per H+V pair .. The coinoculations were two H inoculations 

placed 1 cm on either side of a central V inoculation, all 

at 1.2 :m above ground level. The same V isolate as in the 

coinoculation vas inoculated singly 0.6 m above the H+V 

coinoculation and the same H isolate 0.6 .m below.. The 

sprouts ranged from 3. 6 to 7.6 cm dbh. The co.rk-borer, 

agar-disk (0.6 cm diameter) method o.f inoculation described 

in the previous section was used. The 

diameter), mycelial-ball technique (with 

cork-borer (0.6 cm 

wounding to the 
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.xylem) described in the Mate.rials and Methods section of 

Chapter Two was used with one H+V co.mbination (Ep66-Cl0 

replicated on four additional sprouts, 

the two methods. 

in order to compare 

Inoculatio.ns were made from June 15 to 19, 1978 .. 

Canker lengths were measured at two-week intervals from six 

weeks until 20 weeks after inoculation, when the cankers 

were dissected prior to measuring canker length. The 

sporula tio.n of 

Sporu.lation was 

the cankers also 

rated as: none; 

vas rated at these times. 

slight, less than one 

erumpent stroma per squa.re cm of canker; moderate, 1-2 

stromata per square cm of canker; heavy, more than 3 

stromata per square cm of canker. In 1979, the lengths of 

cankers next to .living bark were measured at 3-5 week 

intervals from June 8 to October 10. Canker lengths were 

measured once in 1980, on May 30 •. 

Apparent biocontrol ·O~f · a central V isolate by the 

companion H isolates in a coinocu1ation wa.s determined in 

1978 if the slope of the canker growth curve of the 

coinoculated H+V canker was si9n.i.ficantly {p<O. 05) less than · 

the slope o~f the v-alone canker 01\ the same tree.. The 

slopes were estimated by first-order, ordinary least squares 

regression and compared bJ a t-test [analysis of covariance 

(6, 32) ]. The coefficients of determination, n2, of the 

first order model commonly (7Si) exceeded 0.9.. We tested 
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for homogenity o.f slope va.riances with an F-test. Of the 44 

variance pairs which could be tested, 21 had a ratio less 

than 2, 6 ranged from 2 to 3, 6 from 5 to 7, and 4 were 

greater than 7. Thus, the variances were .homogeneous 

[ F (5, 5) 0. 05=7. 15 (two-tailed test) ].. The sums of squares 

were not pooled within isolates .because cankers on trees 

located in the si·te with poletimber could not be measu.red as 

accurately as cankers on trees in the clearcut site, 

resulting in lower variances in the latter. 

In a separate experiment {the one used to genera·te the 

curves of Figure 11, Chapter 'Two) , estimates of slopes by a 

multivariate gro·wth curve technique (31) were similar 

('within 2,%) to estimates by least. squares regression, 

indicating that the least squares technique was sufficient 

for these purposes~ With both methods, when a quadratic 

term was included in the model, 

was not significantly (p<0.05) 

the coefficient of the term 

different from zero.. The 

growth-curve technique suffered .from requiring large sample 

(replicate cankers) sizes. The covariance technique allowed 

me to compare two cankers to each other because extra 

degrees of freedom were obtained from repeated measurements 

of the same canker. Correlations between successive time 

points obviously reduces those degrees o.f freedom, hut, for 

chestnut blight, the_y obviously do not reduce the degrees of 

freedom to one for a slope based, .for instance, on ten 
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points. Determining t.he appropriate 

additional variance and systematic 

estimated from correlated measurements 

degrees 0£ freedom, 

slopes error for 

by ordinary least 

squares regression is an unresolved theoretical problem. 

In 1979, it was not possible in ~ost cases to estimate 

the slope of the V-alone cankers because they had encircled 

the stem and killed the distal portions of the shoot (this 

is why they were placed above the other cankers). After 

examining the g.cow·th :['ates of V, H, and H+V cankers in 1978 

and those V cankers in 1979 :which did not encircle the stem, 

it was concluded tha·t a grow th rate of less than O. 07 cm/day 

in an H+V canker was indicative of apparent biocontrol in 

1979. Determinations of biocontrol were confirmed by 

iso.latiug from the margin of the H+V canker, testing the 

pathogenicity of the iso.lates, and confirming their identity 

as the V or H isolate by vegetative compatibility tests (1). 

All isolates were tested for pathogenicity in the field at 

least once .. In fie.id tests, the five replicate cankers of 

an isolate judged hypovirulent had a mean net length of less 

than 2 .. 5 c.m for expansion between 2 and 4 months after 

inoculation in June, and had a mean ·total length after 4 

months of less than 8.5 cm, and at least three of the five 

replicate cankers were superficial. A canker was judged 

superficial when it did not extend to the vascular cambium 

over more than half of its area. 

,_ 
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Bioco~! tests 2.!! .!grge, survivi.!!.9 American chestnut 

trees, their qra.fts _!nd ~dlings.. Using only the Ep66-CR 

H-V pair, H+V, V-alone, and H-alone inoculations were .made 

on 2 cm diameter .branches of the large, surviving American 

chestnut (the Fldg tree, Table 5) described in t.he Materials 

and Methods section of Chapter Two (Figs. 16A-16D a.re 

photographs of this tree). One inoculation vas made per 

branch and each inoculation type was replicated over five 

branches. Additionally, Ep66 was inoculated at 7 cm 

intervals around the uninfected periphery of three natura1.ly 

induced cankers on large (7 to 20 cm diameter) branches of 

the tree (several o.f these cankers are shown in Fig. 16D). 

Three untreated cankers served as controls. These 

inoculations were .made on June 21, 1978 using the cork-.bo.re:r 

(0.6 cm diameter) agar-disk method described above. canker 

lengths were measured at the e:nd of July, August, September, 

and October, 1978, in June, August,. and October, 1979, in 

May and October, 1980,. and in March, 1981. 

The grafts were inoculated on June 9 and 10. 1980, and 

the seedlings on June 27 and 30 and July 2 and 3, 1980. The 

microinoculation method used was basically a cork-borer, 

agar-disk met.hod, except that tl1e borer was rep.laced with a 

brass tube, 1 .. 5 mm in .inner diameter and 2.0 mm in outer 

diameter.. The tubes were sharpened by ro·tating them on the 

points of Number 11 scalpel blades. Inoculations were 

-
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Figure 1§.. Pho:tog.raphs of the Fldq tree, a large, 
surviving American chestnut.. !· This figure shows the main 
branches of the tree. The dead tree to the left and behind 
the .Fldg tree is its presumed pa.rent.. ~.. Closeup of the 
·main trunk of the Fldg tree, which. is covered with a 
superficial Endothia canker. f.. Closeup -0f one limb of the 
tree, shoving areas where bark samples were removed for 
histopathological examination. Swelling around the lower 
sample points occurs under active blight cankers not wholly 
removed during sampling. which occurred 3 years previously .. 
12· .Photograph of three natural Endothia cankers on a main 
stem of the tree.. The 1-engths of .these cankers are reported 
in Table 2. 
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spaced 15 to 30 c.ru apart, depending on plant size. A single 

H inoculation was at the basipetal end 0£ the plant, 

£ollowed by an H+V coinoculation, 

and a second single V inoculation. 

a single V inoculation, 

When the stem diameter 

was small (less than 1 cm), the H+V coinoculation was placed 

at the base of the stem. Canker lengths were measured every 

3 to 4 days, occasionall_y every 5 days, until September 25, 

1980, except for a 2 week hiatus during the last weeks of 

August. Sporulation was assessed once on August 8. The 

grafts shown in Table 5 were inoculated with isolates Ep66 

as H and CR as v.. Five each of all the seed.lings shown in 

Table 5 were inoculated with Ep66 and CR. In addition, five 

seedlings each of the Gaul2_. McDI, Born3, GladR and Wisc 

trees were inoculated with Ep14 (H) and Weekly (V). 

Results 

Biocontrol tests Q.!! stUJ!!E S.E.fouts. Ta.bles 1 and 8 show 

the canker expansion statistics and the stro.matal density 

for the eight isolates of Table 6. Relative stromatal 

density was correlated wi·th canker expansion. The cankers 

of the virulent isolates were predominantly sunken. The 

canke.rs o.f the McDI isolate were flat to slightly s·wollen, 

and the cankers o:f the 

predominantly flat. 

remaining hypovirulent isolates were 

Seven of the eight isolates performed 
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Table 7 

Canker growth statistics of virulent and hypovirulent isolates of 
Endothia parasitica on artificially inoculated American chestnut 
stump sprouts. 

Mean canker length Mean net 
canker length 

137-1381 · 
between '34-43 2. 39-43 and 137-138 Mean 

days after days after days after growth 
Isolate inoculation inoculation inoculation rate 

cm cm cm mm/day 

CR (V) 3. 7.90 
A4. 17.84A 9.94A 0.790A 

Ep39 (V) 7.52A 17. 60A 9.56A 0.752A 

Weekly (V) 5.76B 15.15B 9.39A 0.576B 

Ep66 (H) 4.36BC 6.16c l.80B * 
W2 (H) 3.69CD 5.43c 1. 74B * 
Mc DI (H) 2.84CD 4.36CD l.39B * 
Epl4 (H) 2.05D 2.58D 0.53B * 
Ep3 (H) 2.3fD 2. 72D 0.35B * 
1 ·obtained after dissection of the canker to reveal its margin. 
2 ·computed from the slopes of the canker growth curves, which were 

computed by first order (linear) ordinary least squares regression, 
from 7 data points spaced approximately 14 days apart between 39 
and 138 days after inoculation. 

3·H denotes a hypovirulent and V a virulent isolate. 
4 ·Means within columns followed by the same letter are not signi-

ficantly (p<0.05) different by Duncan's multiple range test. 
One-way anovas were used to compute the mean squares. 

* No canker growth occurred more than 76 days after inoculation, 
precluding analysis by linear regression. 
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Table 8 

Index of stromatal density of virulent and hypo-
virulent isolates of Endothia parasitica on 
American chestnut stump sprouts four months 
after artificial inoculation. 

Isolate Index of stroma:tal densityl. 
Mean Range of 

sub:elot means 

CR (V) 2 • 2.693 · 2.67-3.00 
Ep39 (V) 2.67 2.50-3.00 
Weekly (V) 2.25 0.75-3.00 
Ep66 (H) 1.41 0.60-2.00 
W2 (H) 1.03 0.00-2.38 
McDI (H) 1.06 0.00-0.25 
Epl4 (H) 0.06 0.00-0.25 
Ep3 (H) 0.00 0.00 

1 · i f h k . Dens ty o stromata on eac can er was esti-
mated visually on a scale of: 0, none; 1, 
less than 1 per cm2 of cankered surface; 2. 
from 1 to 2 per cm2; 3, more than 2 per cm2. 

2 ·H denotes a hypovirulent and V a virulent 
isolate. 

3·There were significant differences overall 
at p=0.0001 by a Kruskal-Wallis test. The 
virulent isolates alone; Ep3, Epl4 and McDI 
alone; and W2 and Ep66 alone had no signi-
ficant (p<0.05) differences within them, 
but there were significant differences bet-
ween the groups. The group Ep66 and Weekly 
was significantly (p<0.026) different from 
the group W2 and McDI by Wilcoxon's rank 
sum test. 



Table 9 
Hypovirulent plus virulent (H+V) Endothia parasitica cankers on American chestnut stump sprouts showing apparent biocontrol: 
presence of ascospores, status of stem above canker, fraction of morphologically abnormal isolates, and fraction of hypo-
virulent ~i_so_l_a_t~e_s_·~--~~~~~--~~~~~~~~--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Hypo-
vi ru lent Virulent 
inoculum inoculum 

W2 CR 

Ep3 CR 

Weekly 

Epl4 CR 
Ep39 

Weekly 

Ep66 CR 

Ep39 

Weekly 
Ep665. CR 

l. Judged in 1978 

Sub-
plot 

II 
IV 
I 

III 
I 

II 
I 

II 
IV 

I 
II 

III 

IV 
I 

III 
IV 
IV 

IV 
II 
IV 

as the 

Apparent 
biOcontroll. 
1978 1979 

yes no 
yes no 
yes no 

yes yes 
yes yes 

yes yes 
yes yes 
no yes 
yes yes 
yes yes 
yes yes 

yes yes 

yes yes 
yes yes 
no yes 
yes yes 
yes no 

no yes 
yes yes 
no xes 

Perithecia with 
ascospores present 
in October, 1979 

yes 
yes 
yes 

no 
no 

yes 
yes 
yes 
no 
no 
yes 

yes 

no 
yes 
no 
no 
yes 

yes 
yes 
no 

Status of stem 
above canker before 
June 1, 1980 

alive 
alive 
encircled and killed 
9/17/79 
alive 
killed by basal 
canker, 7/19/79 
alive 
alive 
alive 
alive 
alive 
killed by basal 
canker, 12/15/79 
killed by natural 
stem canker which 
overgrew H+V 5/31/80 
alive 
alive 
alive 
alive 
encircled and killed 
May 31, 1980 
alive 
alive 
alive 

companion V canker having a significantly greater growth 
Judged in 1979 as the canker growth rate being 0.07 cm/day or less. 

Fraction of plates 
with white or uni-
formly dark yellow 
isolates2. 
1979 1980 

0/1 0/8 
0/1 0/6 
** 1/6 

1/2 6/6 
0/1 0/6 

0/1 5/6 
1/1 5/5 
** 1/6 
1/2 * 
** 6/6 
1/1 * 

** 1/6 

** 6/6 
** 4/6 
** 0/6 
0/1 6/6 
0/1 *** 

0/1 6/6 
** 4/5 
** 4/5 

rate at the p"-0.05 

Fraction of 
isolates which 
were hypo-
vi rulent 3. 
1979 1980 

0/1 0134· 
0/1 0/2 
** 0/2 

1/2 1/2 
0/1 0/2 

0/1 1/2 
1/1 1/2 
** 0/2 
1/2 * 
** 2/2 
1/1 * 

** 0/2 

** 1/2 
** 3/3 
** 0/2 
0/1 2/2 
0/2 *** 

0/1 2/2 
** 2/2 
** 2/2 

level by a t-test. 

2. Cultures of virulent isolates are a moderately yellow color with color intensity changes whereas cultures of hypo-
virulent isolates commonly are white or uniformly dark yellow. 

3. Isolates tested were from colonies or sectors which were white or uniformly dark yellow whenever possible. 
4. One isolate from this canker was intermediate in pathogenicity. 
5. Mycelial-ball inoculum. 
* Hypovirulent isolates obtained in 1979. These we1·e white and uniformly dark yellow in color. 
** No isolates obtained" 
***No isolates obtainable. 

I ....... 
N 
l.O 
I 
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Figure 11· Photographs of Endothia ,,Earasitica cankers 
on American chestnu-t. !· A typical canker incited by a 
virulent isolate, approximatel_y four :months af-ter 
inoculation (approx. x1). Note the dense stromata... _!!,. A 
photograph o.f an Ep14-McDI H+V canker four months after 
inoculation. This canker illustrates the appearance of a 
biocontrolled H+V canker when the pathogenicit_y of the 
central V isolate is rapidly collapsed (approx .. x1}. ~- A 
photograph of a biocontrolled :Ep66-CR H+V canker, two years 
after inoculation. The pathogenicity of the central V 
canker was not collapsed rapidly so a .relatively large area 
o.f bark tissue was killed. Note the healing callus visible 
on the lateral margins of the canker {approx. x2/3) .. 12· A 
photograph of a canke.r incited by a weakl_y pathogenic 
isolate (Ep14) four months after inoculation.. Note the 
slight s-welli:ng and sporulation (approx. x3/4). ]. A 
photograph of a canker incited by a slightly pathogenic 
is-0late {Ep66) four months after inocula-tion. Note the 
relatively dense stromata and the swelling above the canker. 
This was the only canker incited b:y the Ep66 isolate on the 
grafts which grew as expected. The arrow points to the 
initial lesion {approx. x4/3). i.. A photograph of a 
.mycelial fan under a naturally induced canker.. These were 
not observed in cankers incited by weakly pathogenic 
isolates and at the margins of most biocontrolled cankers 
(approx. x 1). 
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as expected, based on previous tests (Table 6). The McDI 

isolate was hypovirulent instead of virulent, as in a 

previous test (25). Therefore, disease control could be 

assessed only with the three remaining virulent isolates. 

Table 9 identifies the cankers showing apparent 

biocontrol in 1978 and 1979, as judged by the procedures 

outlined in the Materials and Methods. The statistics used 

in 1978 to make these judgements of apparent biocontrol are 

presented in Table B in the Appe.ndix. Figure 17A is a 

photograph of a typical V canker 140 days after inoculation. 

Figures 17B and 17C illustrate the appearance of 

biocontrolled H+V cankers, 140 and 500 days after 

inoculation. Figures 17D and 17E show cankers induced by 

weakly a:nd slightly pathogenic, .hypovirule.nt isolates, 

respectively. Figure 17F is a photograph of a mycelial fan,. 

Most of the 12 B+V combinations showed one or two 

instances of apparent biocontrol out of the four 

replications. W2-Heekly. W2-Ep39, Ep3-Ep39, and Ep66-Weekly 

showed no instances of biocontrol in 1978, although 

Ep66-iee.kly showed one instance of .biocontrol in 1979. 

There were three other instances where apparent biocontro1 

occurred in 1979 but not 1978. Statistics detailing the 

four ·total instances are shown in Tab.le 10. Isolates 

obtained in 1980 .from two o.f these cankers, Ep66-'Neek.ly and 

Ep66-CR {mycelial ball inoculum) , were hypovi.rule.nt {see 



Table 10 
Canker lengths and growth rates for cases where biocontrol of cankers incited by hypovirulent (H) plus 
virulent (V) isolates of Endothia parasitica on American chestnut stump sprouts appeared in the second 
season but not the first season of canker growth. 

H+V 
combination 

Epl4-39 

Ep66-CR 

Ep66-CR 
(mycelial balls) 

Ep66-Weekly 

Inocu-
lation 
type 

v 
ll+V 

v 
1i+v 

v 
u+v 

v 
H+V 

Sub-
plot 

II 

III 

IV 

IV 

1978 results 

Final Slope of 
canker canker 
length1 · growth 

curve2• 
cm cm/day 

4.0 no growth 
11. 7 0.1145 

16.5 0.1095 
11.1 0.1085 

13.9 0.1022 
10.9 0.0876 

13. 5 0.1045 
17.8 thick bark 

1979 results 

Month Canker Final Slope of 
of length canker canker 
kiu 3· at kill4 · length5. growth 

curve6. 

cm cm cm/day 

no 14 0.085 
no 14 0.010 

Aug. 33 * * 
no 22 24 0.061 

no 21 ** 
no 14 0.001 

July 28 * * no 21 35 0.050 

1. 111e length, following dissection, of the cankers 137 or 138 days after inoculation. Inoculations 
were made from June 15 to 19, 1978. 

2. The slope, by linear regression, of canker length versus time. From five to seven points spaced 
at least 14 days apart were used in the determination. 

3. The month in 1979 when the canker encircled the stem and killed its distal portions. The entry 
"no" signifies that the canker did not encircle and kill the stern. 

4. The length, not following dissection, of the canker when a canker on that tree encircled and 
killed part of the stem. 

5. TI1e length, following dissection, of the canker on October 10, 1979. 
6. TI1e slope, by linear regression, of canker length versus time. Five points obtained between June 

6, 1979, and October 10, 1979, were used in the determination. 
* Stem above canker killed prior to final measurement; slope thus not available. ** Tilis canker encircled the tree in July and stopped growing. 

I 
I-' w w 
I 



Table 11 
Canker length and growth rates for cases where biocontrol of cankers incited by hypovirulent (H) pl us 
virulent (V) isolates of Endothia parasitica on American chestnut stump sprouts was apparent in the 
first season but not the second season of canker growth. 

H+V lnocu- Sub- 1978 Results 1979 Results 
Combination lat ion plot 

final 1 · Slope of2 · Month3· Canker4 · fina1 5· Slope of6 · type 
canker canker of length canker canker 
lengths growth kill at kill length growth 

curve curve 

cm cm/day cm cm cm/day 

v 18. l 0. 1255 Aug. 27.5 * * Ep3-CR H+V 14.5 0.0519 no 20.5 28 0.0896 

v II 16.4 0.0839 July 46 * * W2-CR H+V l l. 2 0.0082 no 16 25.5 0.1073 

v IV 17 .8 0.1226 July 30 * * W2-LR H+V 7.1 0.0306 no l7 25 0.0795 

v IV 16.4 0. l 097 Aug. 23.5 * * Ep66-Ep39 H+V 12.7 0.0606 no 20.5 31 0.0934 

l. The length, following dissection, of the cankers 137 or 138 days after inoculation. Inoculations 
were made from June 15 to 19, 1978. 

2. The slope, by linear regression, of ceder length versus time. from five to seven points spaced 
at least 14 days apart were used in the determinatio11. 

3. The month in 1979 when the canker encircled the stem and killed its distal portions. The entry "no" 
signifies that the canker did not encircle and kill the stem. 

4. The length, not following dissection, of the canker when a canker on that tree encircled and killed 
part of the stem. 

5. The length, following dissection, of the canker on October 10, 1979. 
6. The slope, by 1 inear regression, of canker length versus timf:. five points obtained between June 6, 

1979, and October 10, 1979, were used in the determination. 
* Stem above canker killed prior to final measurement; slope thus not available. 

I 
I-' w .p. 
I 
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Table 9 £or details). There were four instances of apparent 

biocontrol in 1978 followed by no biocontrol in 1979. 

details of which are shown in Ta.ble 11. No isolates from 

these cankers were hypovirulent (7able 9). summarizing, 

biocontrol was observed except in the following 

combinations: R2 showed no continuous biocontrol of any V 

isolate, and none was confirmed by isolation of a 

transformed V; Ep39 was not controlled .by Ep3 or Ep66. 

There was a trend for biocontrolled cankers to be flat 

to slightly swollen, whereas the nonbiocontrolled cankers 

were predominantly sun.ken. Hypovirulent .isolates were 

obtained from the 12 cankers showing biocontrol in 1978 and 

1979 with two exceptions (Tab.le 9).. First, the Ep3-Weekly 

canker showing biocontrol yielded no hypovirulent Weekly 

isolates, although the H+V canker grew only 2 c.m between 

10/22/78 and 7/19/80, -when the sprout was killed by a basal 

canker. second, a naturally occurring canker overgrew the 

Ep14-Weekly H+V canker in subplot III# so no hypovirulent 

isolates ~ere obtained from that canker. 

The Ep14-Weekly combination gave four out of four 

instances of biocontrol.. Hypovirulent isolates :were 

obtained from three of these cankers. The fourth was 

discussed above. The Ep14-Weekly combination was the only 

one where no pycnidial barrages formed at the interface of 

the H and V isolates on a petri plate; this, in combi.nation 
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with the 1003 incidence of biocontrol, 

Ep14 and Weekly isolates are in 

indicates that the 

the same vegetative 

compatibility group (group 8, 

anastamosis of h:yphae was observed 

Table 6). Apparent 

in most H+V combinations 

except that none was observed between W2 and any V isolate. 

Thus, occurrence of apparent anastamosis did not predict 

occurrence of biocontrol, but lack of occurrence predicted 

lack of biocontrol. The latter conclusion must be tempered 

by the possibility that the lack of biocontrol in the ~2-CR 

combinations ·was due to hypovirulence instability (25). 

lilith Ep66 and CB, one instance was observed where two 

hypb.ae, 

and then 

one from each isolate, had grown past one another 

curved around 180 degrees to join each other at 

their tips. This positive growth response was interpreted 

as evidence that Ep66 had potential to effect biocontrol of 

CR,-incited cankers. Unfortunately, it was difficult in most 

cases to trace back to the parent isolates of two hyphae 

exhibiting this behavior, and it occurred infrequently. 

These results suggest that the frequency ·with which cankers 

of a given V isolate are biocontrolled by an H isolate is 

governed by the degree of vegetative compatibility between 

the two isolates, as has bee.n suggested (18). It appears 

that vegetative compatibili·ty group also has an effect on 

the ti.me when biocontro.l begins. This suggestion arises 

from the observation that some instances of biocont.rol 

\ 
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occurred in the second year { 1979) ., but only when the H and 

V isolates were in separate vegetative compa-ti.bility groups; 

all four H+V cankers from the pairing in the same 

compatibility group (Ep14-Wee.kly) were biocontrolled within 

one year .. 

The two cankers biocontrolled by the Ep3 isolate in 

1978 and 1979 (but only one confirmed by pathogenicity tests 

of reisolates, Table 9)., had a .mean length 137-138 days 

after inoculation of 8 .. 4 cm (data in Appendix Table B); the 

seven cankers biocontrolled (and confirmed hy pathogenicity 

tests) .by Ep14 in 1978 and 1979 had a mean length of 8. 6 cm, 

and the three cankers biocont.colled (and confirmed) by Ep66 

in 1978 and 1979 had a mean length of 13.2 cm. On June 9, 

1979, approximately 1 year after inoculation, these means 

were 9, 11 and 17.4 cm., respectively., and on October 10., 

1979, after two growing seasons, the means were 9.8., 13.9 

and 18 .. 8 c.m., respectively. Thus, most expansion in 

biocontrolled cankers occurred in the first year after 

inoculation. The _g priori .hypothesis that the mean .lengths 

o.f the cankers biocontrolled by the two fl isolates of weak 

pathogenicity, Ep3 and Ep14 (Table 6), were the same as that 

for the slightly pathogenic H isolate., Ep66, was rejected by 

an F-test with a probability at least less than 0.05 for all 

three dates. On the other hand, in 1978, the mean lengths 

of non-hiocontrolled H+V cankers were 14.7 cm for all H+V 
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cankers ·with isolate Ep3, 15.6 cm .for Ep14 and 15.1 cm for 

Ep66.. The same _g ,Eriori .h7pothesis as above for these means 

was not rejected (p>0 .. 1) by an F-test. G.rouping the 

biocontrolled H+V cankers by the V isolates, in 1978, the 

mean lengths were 10 .. 6 for isolate CB, 7 cm for .Ep39, and 

11 .. 7 cm for Weekly. On June 9, 1979, the mean lengths were 

14.4, 11.0, and 11 .. 2 cm, respectively. T.hey were 15.7, 

11.0, and 12.6 cm on October 10, 1979. On all three dates, 

there were no significant (p>0.5) differences between 

isolates by an F-test. In the non-biocontrolled H+V 

cankers, wound periderm was observed in microtome sections 

from wax-embedded samples of one of twelve cankers examined .. 

In the H+V cankers biocontrolled in 1978, wound periderm was 

observed in nine of ten can·kers exa.mined.. The one canker in 

which :no wound periderm was observed in the sections was a.n 

.Ep66-CR canker. An advancing mycelial fan was present in 

that ca11.ker.. Thus, it appears that the lengths of 

biocontrolled H+V cankers. is correlated roughl.Y with the 

pathogenicity o.f the H isolate, but not the V isolate. 

The index o:f stroma tal densi·ty at 121-125 days after 

inoculation of the 12 H+V cankers biocontrolled in 1978 and 

1979 (mean 2.0) vas significantl1 lower (p<0.03) than that 

of their 12 companion V-alone ca.nkers (mean 2. 7) by a paired 

t-test. 'The.re was no significant (p>0.2) difference .between 

the nonbiocontrolled H+V cankers and their companion V 
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cankers .by a paired t-test. 7he index for .biocontrolled H+V 

cankers ranged from 0.75 to 3.0, that of the 

non-biocontrolled H+V cankers from 1.5 to 3.0, and that of 

the V-alone cankers from 1.5 to 3.0. !he two cankers 

biocontrolled .by the Bp3 isolate (Table 9) in 1978 and 

confirmed by pathogenicity tests of reisolates had a mean 

index of stromatal density at 121-125 days a.fter inoculation 

0£ 1.5; the seven cankers biocontrolled by Ep14 had a· mean 

index of 1.8, and the three cankers biocontrolled by Ep66 

had a mea:n index of 3.0. The i! priori hypothesis that the 

.mean index o.f st.comatal density of the H+V cankers 

biocontrolled bJ the two H isolates of weak pathogenicity, 

Ep3 and Ep14, was the same as that for the slightly 

pathogenic H isolate, 

by an F-test. But 

Ep66, 

the 

was not rejected (0.07<p<0.08) 

differences suggest that the 

pathogenicity of 

stromatal density 

an H isolate, 

(compare Tables 

which 

7 and 

is correlated with 

8) and with the 

expansion of biocontrolled H+V cankers, also is cor:related 

with the stromatal density of cankers biocontrolled by the H 

isolate .. 

In 1979, the experiment was repeated using the W2-CR 

and Ep14-Weekly combinations. Two of t.he four replicates 

for each combination showed biocontrol. The V inoculations 

for the 1979 tests were placed at the bottom of the trees 

(to test for biocontrol by co.nidia washing down from above) 
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so the trees died be.fore the 1980 growing season, precluding 

further measurements and isolations. The H inoculations of 

the Ep14-Weekly, H+V cankers had been placed 1 .. 5 cm from the 

central v inoculations in the cankers not showing biocontrol 

but only 0.75 cm from the central V in the cankers showing 

biocontrol. This placement vas inadvertent, but consistent .. 

The Ep14 lesions in the widely spaced pairings were 

surrounded by wound perider.m, which may have prevented 

anastamosis and thus biocontroL. In the 1978 experiment, 

all the H+V ca.nkers with Ep3 ·which did not show biocontrol 

were examined for presence of wound periderm around the Ep3 

inocula·tio.n; it was present in 2 of 8 cankers. 

In order to test whether the .least squares slopes of 

the growth curves of two V cankers on the same tree could be 

significantly different, six trees were inocula·ted four 

times each 111ith the CR isolate (the same experiment used to 

generate the curves of Figure 11 in Chapter Two}. Nine of 

the 36 possible v-v canker pai:rs on the same tree had 

significantly (p<O. 05) different slopes. If one o·f the v 

cankers in a pair had been H+V, one then would have expected 

4 .. 5 cases out of 36 (12.5%) of false prediction of 

biocontrol, since it would not have mattered when an H+V 

canker had a greater slope than a V canker. The 24 slopes 

ranged from 0.114 cm/day to 0.0569 cm/day, and had a mean 

and standard deviation of 0.-0836 + 0.0146 cm/day. T.his 
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gives a lower bound to a 99.9% confidence interval of 0.03 

cm/day. Thus, we would expect slopes of 0 .. 03 cm/day or less 

to be due to £actors other than natural variation in the 

growth rate of V cankers.. In the biocontrol experiment on 

stump sprouts, using successful isolation of a hypovirulent, 

transformed V strain 

biocontrol, allowing 

as a definitive test of occurrence of 

for mitigating circumstances, there 

were 5 cases of f a1se prediction of biocontrol out of 16 in 

1978 (Table 9); eliminating H+Vs 

than 0.02 cm/day, there were 3 

which did not expand more 

cases out of 9. It thus 

appears that some biological mechanism in addition to normal 

variation in growth 

at least three of 

biocontrol. 

rates 0£ V cankers ·was responsible £or 

the cases of f a1se prediction of 

T.he v-alone canke.rs on the Ep14-Heekly trees in 

subplots II and III and on the Ep66-CR (mycelial ball) tree 

in subplot IV grew more slowly and became swollen in 1979. 

Isolations were made May 28, 1980. and two of six isolation 

plates from each of the Ep14-Weekly v-alone cankers and five 

of six isolation plates from the · Ep66-CR (mycelial ball) 

v-alone cankers had white isolates. In pathogenicity 

trials, neither of the two white Ep14-Week1y isolates for 

each v-alone canker was hypovirulent, but one of two white 

Ep66-CR (mycelial ball) isolates was hypovirulent. 'rhe 

other was intermediate in pathoge.nicity. Perithecia with 
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ascospoces were present in stromata in the a-alone canker on 

the .Ep66-CR (mycelial ball) tree in subplot IV. The H-alone 

cankers on the Ep66-Weekly trees in subplots I and II and on 

the Ep66-McDI tree in subplot I also had stromata with 

perithecia and ascospores. The presence or absence of 

perithecia and ascospores in the H+V cankers which showed 

apparent biocontrol is presented in Table 9. 

Mycelial ball inoculation method. '.rhe mycelial ball 

i.nocula tion meth·od did not appear to have any advantages 

over the agar-disk method. In 1978, some inoculation 

failure occurred vith 

inoculations with the 

both methods. In 1979, 

two with 

two 

the agar disk method and 

mycelial-ball method were made in 

the CR isolate.. This was the 

generate Figure 11 in Chapter Two. 

each of six trees, using 

same experiment used to 

The variance in canker 

length at 16 and 51 days after inoculation was slightly (not 

significantly, p>0.05) greater for the mycelial-ball method: 

1 .. 04 c:m and 1.04 cm vs 0.49 cm and 0.59 cm, respectbrely. 

For small-scale experiments, the only advantage of the 

mycelial-ball method is with inoculation of hypovirulent 

strains into wounds 1-2 mm i.n diameter. It is difficult to 

obtain agar disks of this size, 1 to 2 cm behind the gcowing 

edge of a colony on aga.r, due to the toughness of the 

thallus. To ob·tain disks closer to the growing edge is ·to 

risk obtaining mycel.ium with no determinant for 



-143-

hypovirule:nce. This may have happened ·with the gra.fts and 

seedlings with the Ep66 isolate. For large-scale 

experiments conducted by inexperienced perso.ns, the 

uniformity and ease of handling o.f mycelial balls would 

outweigh the difficulty of preparing the~. 

Disease control .!fil?!.2 .Q.!! A large, surviving American. 

chestnut.. on the small branches of the Fldq tree, the 

lengths of the five cankers incited by the V isolate (CR) 

had a mean and standard deviation of 5.1 + 1.95 cm on 

Nove.mber 11, 1978, 146 days after inoculation. The five 

cankers incited by the H isolate (.Ep66) measured 2.8 .! 0.54 

cm and the five cankers caused by coinoculation with the H+V 

isolates measured 6.8 + 1.41 cm.. Thirteen of the fifteen 

cankers showed swelling during the first summer of canker 

expansion. Those of the H and V isola·tes alone had a slight 

to mod,erate degree of s·welling, those of the H+V isolates 

had a moderate to heavy degree of svellin9. The sporulation 

on the Hand V cankers ranged from none to moderate, with an· 

average rating of slight. The sporulation of the H+V 

cankers ranged from slight ·to heavy, with an average rating 

0£ moderate. One year after inoculation, on June 18, 1979, 

two of the V cankers vere 17 and 22 cm long and the branch 

o.f one of ·them had been killed ·by the caDker. The other 

three V cankers ·were less than 2. 5 cm .long. Three H+V 

cankers were 27, 30 and 17.5 cm l.ong, with one branch dead. 
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The other two H+V cankers were 8 and 2.5 cm long. The five 

H cankers remained 6 cm long or less. By October 10, 1979, 

the branches of the two long V cankecs and t.he three long 

H+V cankers were dead. The short cankers remained short and 

did not kill their branches through October 31, 1980; most 

o.:f them had ceased sporulating then, and some were hard to 

detect. The limbs killed by .blight were on the north side 

of the tree, which was on a south-facing slope, whereas the 

limbs not killed were on the south side of the tree. 

The canker lengths of the six natural cankers, three of 

them treated with Ep66, are shown in Table 12. The cankers 

did not expansion apprecia.b.ly over the three growing 

seasons; there were no appreciable differences in net 

expansion between treatment and control .. 

evidence of healing on them. 

There was no 

Ten isolates from the naturally cankered main trunk of 

the tree (Pig.. 16B) and two isolates from the second 

inoculated :natural canker in Table 12 were tested for 

pathogenicity in 1980. T~o of the isolates from the main 

trunk were hypovirulent, in that the five replicate cankers 

of each isolate had a mean total length of less than 3.2 cm 

4 months after ino~nlation. The cankers also were 

superficial in that they did not reach the vascular cambium 

except around the inoculation point. The cankers of the 

re~aining, virulent isolates each had a mean total length 



Table 12 

Lengths of six natural blight cankers on the FldG tree, a large, surviving American chestnut, from 7 I 30/78 to 
3/8/81. The uninfected peripheries of three cankers were inoculated every 10 cm around the canker with the 
hypovirulent isolate of Endothia 2arasitica, Ep66. 

7 I 3/78 8/30/78 9/13/78 9/27/78 11/11/78 6/18/79 8/22/79 10/10/79 5/28/80 10/31/110 3/8/81 

cm cm cm cm cm cm cm cm cm cm cm 
inoculated 7 8 8 10 10 10 10 12 12 11 10 

inoculated 22 22 24 25 25 26 28 30 28 36 40 

inoculated 87 x 90 91 91 91 90 91 92 93 94 I 
I-' 
~ 

not 21 25 24 25 22 24 23 25 26 28 26 lJl 
I 

inoculated 

not 33 43 45 48 48 49 48 49 51 52 54 
inoculated 

not 40 45 47 48 x 53 52 53 54 57 53 
inoculated 
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exceeding 12 cm 4 months after inoculation, and extended to 

the vascular cambium over most of their length. 

~athogenici;ty li.§£!.. Before presenting the results of 

the seedling and graft tests, it is appropriate to present 

pa:rt of the results of some pathogenicity tests on American 

chestnut stump sprouts performed in a separate study.. The 

results illustrate the usual range of resistance to blight 

in American chestnut, some dif.ficulties associated with 

i.nocu.lations of A· ,.Earasitica on American cbestnut, and some 

methods for analyzing pathogenicity tests .. 

we plotted mean canker length versus variance and found 

variance to be relatively constant (as opposed to increasing 

w.it.h the mean) for a ranqe of canker lengths between 1 •. 0 and 

18 .. S cm. The few isolates showing extremel.Y little 

expansion of course had variance close ·to zero. The 

regression coefficient (Slope) for a first order ordinary 

least squares regression o.f variance on canker length for 

150 isolates was slightly. negative, but not significantly 

different from zero. Thus variances were .homogeneous, at 

least enough so for analysis of va.riance. 

Table 13 prese.nts the variance components (comi>uted 

:from the Type I sum of squares of analysis of variance, .Ref. 

6) for total and net canker lengths .fo.r three pathogenicity 

tests performed in a separate study. Generally, the tree 

variance :was less than soi of the error variance. The 
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Table 13 
Variance components analysis of three tests of the pathogenicity of 
Endothia parasitica isolates to American chestnut which were carried 
out in three separate yearsl. 

1979 test 1980 test 1981 test 

variance components 
(with degrees of freedom in parentheses) 

total net total net total net 
canker canker canker canker canker canker 
length2 · length3. length4 · lengths· length6 · length?. 

mm mm mm mm mm mm 

isolate 283 171(109) 159 42.6(149) 360 126(199) 
t-::-ee 1126 567(88) 1613 339(120) 135 41.1 (160) 
error 548 474(352) 689 234(480) 476 367 (640) 

percent of error variance 

tree 52 36 23 18 76 34 
isolate 200 120 250 150 30 12 

ratio of variance of total and net canker length 

tree 1.65 3.74 2.84 

isolate 1. 99 4.76 3.27 

error 1.15 2.94 1.29 

1. Unpublished data of the VPI&SU and Concord College chestnut research 
group. 

2. Canker length on Oct. 19-21, 1979 after inoculation June 5-9, 1979. 
3. Net canker growth between July 29-3l, 1979 and Oct. 19-21, 1979. 
4. Canker length Oct. 14-16, 1980 after inoculation June 2-5, 1980. 
5. Net canker growth between Aug. 13-14, 1980 and Oct. 14-16, 1980. 
6. Canker length Oct. 2-4, 1981 after inoculation June 4-10, 1981. 
7. Net canker growth between Aug. 4, 1981 and Oct. 2-4, 1981. 
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differences in ·this among years was due to variation in the 

conditio.n of the trees. In 1979, the trees vere somewhat 

s.ma.11, many be.ing killed before the experiment ended. I 

observed that w.hen a tree was ki.lled by a canker, all 

cankers a.bove the killing canker grew more rapidly.. This 

increased the percent tree varia·nce relative to error 

variance in 1980.. T.he same effect was predominant in 19·81, 

and, in addition, a large proportion (>20%) of the trees 

·were forest-type trees (grown under a closed canopy in the 

shade). It will be shown in Chapter Fou:r that such trees 

differ from trees grown in :full sunlight in their response 

to inocula·tion with ~- parasitica; cankers on old trees in 

sites with poletimber and sawtim.ber initially are s.maller 

but expand faster than cankers on you:ng trees in rece.ntly 

clearcut areas. The t.rees for the 1980 test, .however, were 

all approximately 5 years old, all growing in a clearcut in 

f u.11 sunlight, and many were over 3 cm dbh. Thus the tree 

variance was a small percentage of error variance in 1980 • 

. For ·the 1980 tes'.t, when the individual canker lengths for 

the 10 isolates affected by tree deat.h were replaced by t:he 

mean for the other four replicates, 

to 1 O." and 5% £or total and 

tree variance decreased 

net canker lengths, 

respectively. The variation from year to year in isolate 

variance as a percent of error variance was due to variation 

in the relative number of hypovirulent isolates; there vere 
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more in 1979 and 1980 than in 1981 (Griffin, 

unpublished data). 

The total canker length had higher variance than net 

canke.r length (ratio greater than one) partially because 

variation in initial lesion length was removed by the 

sub·traction used to compare net canker length. .I speculate 

that both the magnitude and variance in initial lesion 

leng·th increases strongly vi th the age of colonies used for 

inoculum (older colonies ha·ving more toxins, etc.).. This 

would have caused the ratio of total and net canker length 

for isolate variance to be especially high, since a.11 

cultures were not of the same age. An additional cause of 

the high ratio o.f to·tal to net canker length isolate 

variance was that some hypovirulent isolates did no·t expand 

later in the season, giving them zero net canker length 

variance. . The ratio of total and net canker length for tree 

variance also was higher than that for error variance 

presumably .because 

tree death. It 

of t.:lte effects on canker expansion of 

was observed that the most tree death 

occurred in 1981, the least in 1980 .. 

Disease control tests .Q.Q graf·ted scions and seedlings 

of large, .§Urviving AmeriCS!!! chestnuts. The Ep66 isolate 

behaved as a virulen·t in 1980, except in two cases, ruining 

the disease control aspects of the tests on the scions and 

seedlings. The isolate had tJpical Ep66 morpho.logy in 1980; 
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abundant, fluffy white aerial hyphae, turning orange in the 

light 3 to 4 weeks after transfer. Many of the Reekly V 

inoculations on all seedlings a.nd many of the CR 

inoculations on the Horn1, GladR, and WVM seedlings failed, 

probably because the agar plates used for the unsuccessful 

inoculations were allowed to become overheated. Therefore, 

only the results for the CR inoculations are given, and the 

results for the Horn1, G1adR and iVM seedlings are omitted. 
1 

Table 14 presents the expansion statistics of V cankers 

on the grafted scions. The cankers on the Gaul2 grafts had 

significantly (p<O. 05) shorter cankers at 10 and 45 days 

a ft er inocula·tion, a1td started linear canker expansion 

significantly later than the cankers on the other grafts. 

The Flds and Fldg grafts also had shorter cankers at 45 

days, and these started growing later and grew more slowly 

than cankers on the other grafts, but these differences were 

not statistically significant by Duncan's multiple range 

test. I also used Dunnett•s test for comparing treatments 

to a control, using the pooled mean of the GladA and GladB 

scions as the cont.rol value. By that test, the mean canker 

length at day 45 for the Fldg scions was significantly 

(p<0 .. 05) shorter than that for the control, and the cankers 

on the Flds scion started growing significantly later and 

grew significantly slower .between 5 and 45 days a.fte.r 

inoculation than those on the control scions. The cankers 
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Table 14 

Canker growth statistics of the virulent isolate of Endothia Earasitica, CR, on grafted 
scions of large, surviving and small American chestnut trees. 

Scion name, Slope of Slope of canker 
number of Canker Canker Time to canker growth curve from 
inoculations Diameter length length start of growth curve time of start of 
and tree size, of stem at at 10 at 45 linear from S to 45 linear canker 
large (1) or inoculation days after days after canker days after growth to 45 days 
small (s) ooint inoculation inoculationl· srowth2. inoculation after inoculation 

mm lllD1 mm days mm/day mm/day 

Swen t(2) (1) 4. 1B3. 10.0BC * lo.oc 0.914A l.099A 

GladA(lO)(s) 22. lAB 18.7A 49.5A 12.8C 0.809A 0.893A 
McDII(8) (1) 18.lAB 19.8A 49.~ 12.5C 0.822A 0.899A 
GladB(4)(s) 10.9B 11. 3BC 40.5AB l6.8BC 0.762AB 0.908A 
McDI (8) (1) 13. 7B l8.9A 40.SAB 16.f 0. 627""-B 0.846A 

AmhstClO) (1) 15.3B 12.0B 37.7B 13.2c O. 708AB 0.762A 
Weekly(lO)(l) 15. 1 B 13. lB 36.9B 16.lc 0.678AB 0.837A 
Fldg(6) (1) 15.2B 11. OBC 32.0B 23.2BC 0.591AB 0.753A 

Flds (2) (1) 34.9A 18.0A 31.5B 33.55 0.282BC 0.546A 
Gaul2(4)(1) 16.0AB 4.4c lo.2c 78.0A o.139c ** 

1·Points collected after day 45 were not used because small diameter stems began to be killed. 
2"The time of start of linear canker growth was determined as the day after inoculation 

subsequent to which the increase in canker length from the previous observation exceeded 
0.2 mm. Observations were 2-3 days apart, starting S days after inoculation. If one 
or two increases prior to day 25 were followed by three or more contiguous intervals where 
growth did not exceed 0.2 mm, the time of start was taken at the first increase after 
that of more than 0.2 mm. 

3"Means within columns followed by the same letter are not significantly different 
(p<0.05) by Duncan's multiple range test. The model used to compute the mean sQuares 
was a one-way classification with replicate scions nested within scion type. The mean 
squares used for the comparisons were those of the nesting term. In the case of the 
slopes, the slopes of the individual growth curves were the random variates. There were 
two inoculations per scion. 

* These scions were killed prior to day 45. 
** The cankers on these scions did not start linear canker growth prior to day 45. 
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on the grafts of the Amhst, Eeekly, and McDI trees did not 

start growing later than those on the blight-susceptible 

control trees {GladA and GladB), but they grew at a slower 

rate once linear expansion began, although the differences 

were not significant. swelling was observed on 3 of 8 

cankers on the Gaul2 scions, on 3 of 4 on the Flds scions, 

on 3 of 12 on the Fldg, on 1 of 16 on the McDII, and on 1 of 

20 on the Amhst and GladA scions. There was no swelling on 

the remaining scions.. The density of stromata :was similar 

on all scions, but the stromata on the Amhst scions .became 

erumpent {orange stroma ta became 

on the other scions. By 

visible) 

June 1981, 

later than those 

1 year after 

inoculation, all the V and H+V cankers had encircled and 

killed the stem above them. 

Table 15 presents the expansion statistics of the CR 

(V) cankers on the seedlings. The cankers on the Horn3, 

Gaul2, and Pea3 seedlings began growing later than ·the other 

cankers, but the difference was significant (p<0.05) only 

with the Pea3 seedlings,. Except for the McDI tree, the 

cankers on seedlings £rom large surviving trees were 

signi.ficantly shorter at 15 and 46 days after inoculation 

than those on tbe Wisc seedlings (blight-susceptible 

control). The Wisc cankers also grev significantly faster 

than all bu·t the McDI seedlings .from 15 to 46 days after 

inoculation. Once linear canker expansion began, the 
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Table 15 

Canker growth statistics· of the virulent isolate of Endothia parasitica, CR, on seedlings of 
large, surviving and large, blight-susceptible American chestnut trees. 

Seedling 
name and 
whether 
surviving 
(sr) or 
suscepti-
ble (su) 

Wisc(su) 

McDI(sr) 
McDII(sr) 
Horn3(sr) 
Gaul2 (sr) 
Pea3 (sr) 

Diameter 
of stem at 
inoculation 

point 

mm 
3. 

18. OBC 

25.JA 
17.5BC 
15.9CD 

2l.3AB 

11.6° 

Canker 
length 
at 15 

days after 
inoculation 

mm 

28.6A 
26.4AB 
21.4B 
2l.8B 
22.7B 
11.0c 

Canker 
length 
at 46 

davs after 
in~culation1 · 

mm 

64.2A 
59.4AB 
49.8BC 
48. 7BC 

47.7c 

25.7° 

Time tc 
start of 
linear 
canker 
growth2· 

days 

21. 9B 

19.48 

21. 9B 

25.28 

24.68 

35.3A 

Slope of 
canker 

growth curve 
from 15 to 46 
days after 
inoculation 

mm/day 

l.226A 
l.104AB 
0.945BC 

o.904c 
o.81f 
0.489° 

Slope of canker 
growth curve from 
time of start of 

linear canker 
growth to 46 days 
after inoculation 

mm/day 

l. 387A 
l. 169B 

1.1198 
A 

1.359 
l.099B 
0.935C 

1·Points collected after day 46 were not used because small diameter stems began to be killed. 
2·The time of start of linear canker growth was determined as the day after inoculation 

subsequent to which the increase in canker length from the previous observation exceeded 0.2 
mm. Observations were 2-3 days apart, starting 15 days after inoculation. If one or two 
increases prior to day 25 were followed by three or more contiguous intervals where growth 
did not exceed 0.2 mm, the time of start was taken as the first increase after that of more 
than 0.2 mm. 

3• Means within colul!ITtS followed by the same letter are not significantly different 
(p<0.05) by Duncan's multiple range test. The model used to compute the mean squares 
was a one-way classification with replicate seedlings nested within seedling type. The 
mean squares used for comparisons were those of the nesting term. In the case of the slopes, 
the slopes of the individual growth curves were the random variates. There were five seedlings 
of each type with two inoculations per seedling. 
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cankers on the 'Wisc and Ho.rn3 seedlings grew s.ignificantly 

faster than those on other seedlings .. Swelling prior to 

encirclement was observed on 3 of 20 cankers on the Gau12 

seedlings, and 1 of 20 on the McDI and McDII trees. None 

was observed on the remaining seedlings, except that, once a 

stem was e.ncircled by a canker, pronounced swelling of bark 

above the canker vas observed frequently. This reaction 

most probably is due to stoppage of translocation i.n the 

phloem while the x1lem remains active, keeping the leaves 

alive.. The stromatal density vas similar for all seed.lings. 

By June. 1981, all the V cankers had encircled and killed 

the stem above the cankers. 

Resistance tests ~ excised stems of large surviving 

American £hestnuts. In 1979 and 1980, stems 2.5 to 7.5 cm 

in diameter were excised from large, surviving trees and 

small stump sprouts of American chestnut. These were cut 

into O. 5 m lengths, inoculated with agar disks of the CR a.nd 

ReeklJ V isolates and incubated in moist chambers at room 

temperature (27 C) .. Hean canker lengths for these 

experiments are sho11n in Tables 16 and 17. In 1979 the 

excised stems of the large, surviving .Fldg and WA trees 

showed significantly (p<O. 05) shorter mean total and net 

canker lengths than those of the ST stump sprouts (Table 

16). In 1980 (Table 17), the stems of the large, surviving 

Weekly tree showed .significantly (p<0.05) shorter mean total 

canker lengths than those of the ATS or BMS stump sprouts. 
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Table 16 

Mean canker lengths of virulent Endothia parasitica, CR and Weekly 
isolates, on excised stems (branches) of two large, surviving and 
one small, blight-susceptible American chestnut trees. 

Mean Mean2 · 

Tree1 · dbh 
Crown 
rating 

Tree Number of 
type inoculations 

total canker 
length (cm) 

net canker 
length (cm) 

cm % isolate 
Wk CR 

isolate 
Wk CR 

ST 3.0 100 small 6 ll.5A3· ll.8A 9.4A 9.5A 

WA 39.4 95 lrg. sur. 6 

Fldg 34.5 85 lrg. sur. 8 

8.8B 

5.8B 

8.3B 6.6B 6.5B 

6.2B 3.5c 4.2B 

1 'stump sprouts collected from a small sawtimber area in the Jefferson 
National Forest, Virginia, on February 21, 1979. Branches from 
large, surviving trees were collected on March 10, 1979. 

2·netermined by subtracting initial lesion size, at 16 days, from 
total lesion size at 37days at 27-28C. 

3 ·Means within columns followed by the same letters are not signifi-
cantly (p<0.05) different by Duncan's multiple range test. 
A nested, one-way classification was used to compute the mean 
square. The mean square of the nested term was used for the 
comparisons. 
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Table 17 

Mean canker lengths of virulent Endothia parasitica, CR and Weekly isolates, 
on excised stems.(branches) of large, surviving and small American chestnut trees. 

Mean Mean 
total net 

Crown Tree Number of canker canker 
Tree DBH rating typel. inoculations length length2. 

cm % cm cm 
BMS 2.9 100 Small 53. 10.18A4• 8.25A 

Swent 68.1 60 Lrg. sur. 12 8.31AB 5.49B 

McDII 114.3 20 Lrg. sur. 12 7.79AB 5.88B 

ATS 3.0 100 Small 6 7 .23BC 5.12BC 

RP 62.7 20 Lrg. sur- 12 5.23CD 2.47D 

Weekly 71.6 60 Lrg. sur. 12 4.800 3.3'.3CD 

1 'St11111P sprouts collected from clearcut or burn areas in the Jefferson Nation-
al Forest, Virginia, on April 2 and 9, 1980. Branches from large, surviv-
ing trees collected on March 29, 1980 and April 9, 1980. 

2 'Determined by subtracting initial lesion size, after 18 days, from total 
lesion size, after 46 days, at 27-28C. 

3·There were inoculation failures in the BMS and ATS trees due to presence of 
other fungi. Scrubbing the bark with 0.5% NaClO helps eliminate this problem, 
but it was feared scrubbing would alter the disease proneness of the stems. 
Because of the failures, the values for the CR and Weekly isolates were 
pooled for the analyses of variance. The canker lengths for these cwo iso-
lates were not significantly (p>0.05) different by an F-test. 

4 'Means within columns followed by the same letter are not significantly 
(p<0.05) different according to Duncan's multiple range test. A nested, 
one-way classification was used to compute the mean square. The mean 
square of the nested term was used for the comparisons. 
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The mean net canker length on the stems of the large, 

surviving RP tree was significantly less than that on the 

ATS and Bt1S s·tump sprouts. '.Ihe mean canker .lengths on the 

stems of the ATS stump sprouts differed significantly from 

those of tl1e BMS stump sprouts. The BMS sprouts had been 

growing under a closed forest canopy, .but the ATS sprouts 

were growing in the open in a recently clearcut site. 

Discussion 

Evidence !2£ bl.ight ~sistance. The Fldg tree behaved 

as a blight-resistant tree in all tests.. In the studies of 

Chapter TYo, its reactions to artificial inoculation, based 

on histopathological characteristics (Figs. 1, 8, Tables 1, 

3, A, and page 69) and canker expansion statistics (Figs. 9, 

10, and Table 4), were virtually indistinguishable from 

Chinese chestnut cv Na.nking. In the studies of the present 

chapter, some cankers induced on the intact Fldg tree by 

inoculation with a V isolate did not encircle and kill the 

tree over a 3-year period, and this was not due to 

inoculation failure {page 144). These cankers showed a 

moderate to high degree of swelling {page 143) , which Grente 

(22) has shown is an indication of blight resis·ta:nce in 

European-Oriental chestnut hy.brids. Large, naturally 

induced cankers on the Fldg tree did not expand appreciably 
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over a 3-year period (Table 12) .. Cankers induced on excised 

stems of the tree grew very little, and significantly 

(p<O. 05) less than cankers on stems of t.he 

blight-susceptible control, the ST tree (Table 16). The 

only explanation for these results, asid·e from the tree 

having some degree of genetic blight resistance, is that the 

natural cankers on the tree induced a systemic acquired 

resistance. The .results of the inoculations on grafted 

scions of the tree (Table 14) support t.he conclusion that 

the tree has genetic resistance to blight.. Only the Gau12, 

Flds, and Fldg scions .had more than one canker which showed 

swelling prior to encirclement of the stem by the canker 

(page 152). The cankers on the Fldg scions were 

significantly (p<0.05) shorter than the pooled .mean of the 

control scions (GladA and GladB) by Dunnett•s test, and they 

started g.rowing late.r and grew more slowly than those on the 

control trees, alt.hough these latter differences were not 

statistically significant (page 150). 

The cankers on the scions of the Flds tree, which 

probably is closely related to the Fldg tree, also indicate 

the Fldg tree is blight-resistant .. When the slopes of the 

canker growth curves were computed from 5 until 42 or less 

days after inoculation, the mean for the Plds tree was 

significantly (p<0.05) less than that for either of the two 

susceptible control trees, GladA and GladB, as determined by 
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Duncan's multiple range test {Table 14). By Dunnett's test, 

the slope between 5 and 45 days and the time of start of 

linear canker expansion for the Flds scion were 

significantly less (p<0.05) than the pooled mean of the 

control trees (page 150).. This is further evidence that the 

results of t.he inoculations of the intact Fldg tree and of 

stems excised from it were due to genetic and not acquired 

blight resistance in the tree. The :results also indicate 

that there is an appreciable heritability of blight 

resistance in these trees. 

The resu:tts for the scions and grafts of the Gaul2 tree 

also suggest that this tree has genetic resistance to 

blight,. The Gaul2 seedlings were ·the only ones showing 

sw,elling on more than one canker (page 152) ; they had 

significantly (p<0 .. 05) shorter cankers than the control 

seedlings (Wisc) at 46 days after i.noculation, and their 

cankers grew significantl_y (p<0 .. 05) more slowly (Table 15). 

Finally they showed a trend of a longer time o.f start of 

Ii.near canker expansion (Table 15). The V cankers on the 

Gaul2 grafts started expanding significantly (p<0.05) lat,er 

than those on the other g.rafts, and they were the smallest 

cankers (significant at p<0.05) at 10 and 45 days after 

inoculation (Table 14). However, the H cankers on the Gaul2 

grafts had lengths at 10 days after inoculation (13 .. 5 cm) 

whicb were similar to the lengths o.f the H cankers on the 
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other grafts (14.1 cm}. The faster rates of canker 

.expansion in general in the seedlings (Table 15) compared to 

the gra.fts (Table 14) as well as small nu.mber of plants 

tested, preclude analysis o.f the data to estimate 

heritability of canker expansion. 

The strong indica·tions of resistance in the .Pea3 

seedlings (Table 15) and of susceptibility in the Swent 

grafts (Table 14) and excised ste:ms (Table 17) may be 

misleading. The 

exposed to f ul.1 

Pea3 seedlings 

sun, whereas 

grew in 

the other 

the open, 

seedlings 

each. 

we.re 

located in a stand with a closed canopy. Thus, the cankers 

on the Pea3 seedlings were exposed to a different thermal 

environment than the cankers on the other: seedlings, and 

this may have influenced ca.nker development. The one graft 

of tl1e Swent ·tree was very small (Table 14), and the branch·· 

collected for the excised stem test (Table 17) was graving 

i.n the shade. It wil.l be shown in Chapter Four (Table 20) 

that cankers on chestnut sprouts growing in the understory 

of sites with poletimher and savtimber grow ~ore slowly than 

cankers on sprouts growing in recently clearcut areas. The 

differential results {Table 17) of the inoculations of the 

excised stems of the ATS and BMS stump sprouts [one of which 

was a young sprout from older forest (BMS) and one a young 

sprout from a recent clearcut (A1'S) ] also suggest that the 

shading of the host may have some influence on canker 
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(33) has shm1n that this is so in 

Uchida's index of callus formation 

appears ·to be an excel.lent method of assessing the relative 

vigor of excised stems, for use as a covariate :in comparing 

canker lengths. 

'lhe remaining trees all gave suggestions of blight 

resistance, although the only evidence for this in the 8cDI 

and McDII trees is in the seedling test (Table 15). Based 

on the performance of the McD grafts (Table 14) and the 

excised stem of the McDII tree (Table 17), it is quite 

possible that these trees do not possess any level of blight 

resistance that can be identified by the tes·ts used here. 

However, in a separate study, all of 28 isolates from the 

McDII tree were vi.rnlent (24). Thus it is d.ifficult to 

explain the survival of these trees if they are not blight 

resistant. In general, these results indicate that a 

vigorous program o:f selection for resistance in American 

ches·tnut likely would have success .. 

Measuring blight resistance .. The time 

linear canker e:xpansion .is a new parameter 

of start of 

of blight 

resistance.. When the time of start becomes long, one can 

measure the frequency of expans:io.n of cankers beyond the 

initial lesion, which Uchida (33) and Graves (21) have 

suggested is a character of blig.ht resistance.. The time of 

start of linear canker expansion may be related to rate of 
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canker expansio:n. 

use .of rate of 

Most investigators have used or suggested 

canker expansion as a character of blight 

10. 11, 20, 21, 30). From the present resistance (9, 

studies, it is not clear whether the time of start of linear 

canker expansion is independent of the canker expansion 

rate. The Amhst, Weekly and HcDI grafts showed a reduced 

rate o.f canker expa.nsion compared to the controls, while the 

Fldg and Flds trees showed even more of a reduction and, in 

addition, an increase in the time of start of linear can.ker 

expansion (Tab.le 14). This suggests that both parameters 

measure ·U1e same phenomenon but that rate is more sensitive. 

The Horn3 seedlings, hovever, shoved a fast rate of linear 

canke.r expansion and a relatively long time to start (Table 

15).. In future resistance tests on small seedlings in the 

greenhouse, with standardized inoculation conditions, the 

time to start of linear canker expansion may be a very 

valuable parameter of blight resistance. 

From the studies of Chapter Two, the size of the 

initial lesion does not seem to be an index of blight 

resistance (Tab.le 2), bu·t it can influe.nce canker length at 

times after start of linear .canker expansion. This effect 

can be removed by obtaining net canker length between two 

points on the linear portion of the canker gro·wth curve. 

This assumes. of course, that linear canker expansion, 

beyond the initial lesion, occurs and that rhytidome, 
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epiphytes, and .bark color do not interfere with canker 

length measurements. If the first canker length used to 

compute net canker .length is obtained prior to the start of 

linear canker expansion, then net canker length is a 

composite measure of the ti.me of start of linear canker 

expansion and the rate. The slope of the canker growth 

curve also is a composite .measure of start time and rate, 

when· points .from be·fore the start of linea.r canker expansion 

are included. In the seedling (Tab.le 15) and graft (Table 

14) experiments, the slope of the canker growth curve, when 

points from .before the start of li.near canker expansion were 

included, was a more sensitive statistic than net canker 

length. Both statistics vary depending on which canker 

lengths in the 

slope of the 

time course are used to compute them. The 

canker grovth curve, including points before 

the start of :linear canker expansion, 

single statistic of blight resistance, 

appears to he a good 

but one must be 

careful a,bout the co:nfounding effect of superficial cankers, 

discussed in Chapter One {page 5). On older trees, 

ones growing in o.lder :forest areas, especially 

difficult to measure canker length accurately 

epiphytes cutting into the canker because of 

it is 

without 

and the 

presence of rhytidome and because of the color of the bark; 

this is a drawback to use of net can slope of the canker 

growth curve, although one often can locate the canker 

margin with a small incision. 
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Grente {22) and Morimoto (30) have suggested 

swelling of cankers is a character of blight resistance. 

that 

It 

is associated with failure of a canker to encircle a tree or 

else kill it when when encirclement occurs.. swelling was 

observed infrequently in the grafts {page 152) and seedli.ngs 

{page 154) during the present study. It was present in 

noticeable frequency (10% or greater) only in the plants 

with the shortest cankers and longest ti1t1es of start of 

linear canker expansion, the Gaul2, Flds and Fldg scions and 

the Gau12 seedlings. So111e cankers on the intact Fldg tree 

were very swollen. Grente (22) and Morimoto (30) also 

suggested that the presence of erumpent stromata is an index 

of blight resistance. on the grafts and seedlings, all 

trees showed erumpent stro.mata, however, the time of 

eruption was later on the Amhst grafts than on the other 

gra£ts (page 152). Stromatal development, as distinct from 

stromatal density, should be assessed more carefully in the 

future for use as a character of hlight resistance. 

The 1003 mortality of the seedlings and grafts is no·t a 

strong indication that resistance is not a cause of survival 

of the parent trees.. In blight-resistant .Japanese chestnut, 

the g.reatest mortality, due to blight# occurs in the first 

years after planting (33) <» Among 30 cul ti vars of 2-year-old 

seedlings of Japanese chestnut# most of which had 25 

seedlings per cultivar, mortality after artificial 



-165-

inoculation with ~- pa.rasitica ranged from 15 to 953 (30). 

With European chestnut, Bazzigher (8) states that expression 

of blight resistance is very strongly inversely correlated 

with tree age prior to 10-20 years,. Ba.zziqh.er and Schmid 

(9) considered seedlings less than 3 years old to be too 

young for resistance testing .. 

Both Grente (22) and Morimoto (30) have suggested the 

use of percent mortality as an index of blight resistance. 

This suggests that blight resistance is a threshold 

character (19), meaning blight resistance is expressed 

phenotypically primarily as a qualitative character, but it 

is inherited as a quantitative character.. Falconer (19, 

p.301) says "the clue to the understanding of the 

inheritance of such characters l:ies in the idea that the 

character has an underlying continuity v.i·th a 1 threshold' 

w.hich imposes a discontinuity on the visible expression of 

the character ..... 11 It was observed in Chapter Two (page 96) 

that the similar behavior of the Fldg tree and Chinese 

chestnut trees after artificial inoculation was indicative 

The 

of a 

o:f what is identified here as a threshold character. 

behavior of the Fldg grafts also was indicative 

threshold character; perhaps the mi.ld stress of 

grafted put the grafts on the susceptible side 

being 

0£ the 

threshold, while the intact tree was on the resistant side. 

Furthermore, per.haps the fev b.ranches of the intact Fldg 
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tree encircled and killed by the f nngus were on one side of 

the threshold whi.le the branches not killed were on the 

other, due to differences in the vigor o·f individual stems. 

(If every stem on the tree were of equal vigor, it is 

probable that the tree would 9rm1 like a bush, with no large 

stems.) In fact, ·the branches ki.lled were on t.he north side 

of the tree, which was on a south-facing slope in a forest 

situation, so the killed branches had received less sun than 

the branches no·t killed, which were on the south side of the 

tree. 

This threshold :hypothesis of blig.ht resistance can 

account for .. the gradual expansion of large cankers on 

resistant trees such as the Fldg and Chinese chestnut; 

canker expansion occurs when environmental conditions pus.h a 

stem to the susceptible side of the threshold. .A moderately 

resistant tree. such as the Fldg, would have a higher 

.frequency of larger cankers than a highly resistant tree, 

such as a Chinese chestnut, because it would be driven to 

the susceptible side of the threshold more frequently. It 

also is understandable that the boundary of the threshold is 

.not ab.rupt.. Thus, the Flds graft could have a signi:ficant1y 

(p<O. 05) slower rate o.f canker expansion from 5 to 42 days 

after .inoculation than the control grafts, but there could 

still be enough ca.nke.r expansion to kill the g:caf·t. Under 

the threshold hypothesis, statistics based on short term 
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rates of canker expansion would be valuable quantitative 

.measures of resistance only so long as the host trees were 

in the vicinity of the thresho.ld, and a.11 trees were exposed 

to similar env.ironmental conditions. If ldgh.ly resistant 

trees were being tested, I would expect the frequency of 

occurrence of canker expansion and the incidence of tree 

death to be the only reliable criteria of resistance. I 

expect that eve.n the occurrence of swe.lling would decline as 

resistance increased beyond a certain point. 

Falconer (19) 

thresho.ld characters. 

be varied to obtain an 

mentions two important features of 

First, the selection criteria have to 

optimal selection differential. As 

the frequency of resistance in a population increases, one 

increases the pe.rcent survival that siblings must 

demonstrate to be selected for the next generation. For 

A.merican chestnut, i·t would appear that the test isolate of 

~- parasi·tica should have relatively low pathogenicity in 

order not to exc.lude useful sources of resistance (Bazzigher 

suggested this to G. J. Griffin). ~he extremely low tree 

variance compared to error variance for the 1981 

pathogenicit.Y test {Table. 13) illustrates ·the futility of 

selecting for blight resistance in the general population of 

American c.hestnut by examining canker expansion of virulent 

isolates. [The V isolates used for the grafts and seedlings 

were above the median for pathogenicity of virulent isolates 
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in the tests of Table 13 (Gri£fin, et al, unpublished 

data),.] Second, .Falconer ( 19) demonstrates that one can 

select successfully for a threshold characte.r in a 

population not exllibiting the character, or exhibiting it at 

a low frequency; this suggests there may .be a potential for 

high .blight resistance in _£.. dentata .. 

JUJ?ovirulence .. The characteris·tics of cankers incited 

by hypovirulent isolates were similar to the characteristics 

of cankers on blight-resistant trees: they caused 

significantly {p<0 .. 05) shorter ('fable 7), superficial (Fig. 

7) cankers with significantly (p<0.05) lower stromatal 

density (Table 8) than did virulent isolates. Some 

hypovirulent isolates gave very small cankers at 43 days 

after inoculation ('!able 7), suggesting that hypovirulence 

inf.luences initial lesion length, which, in fact, Elliston 

(17) has observed. Except for the abberation -with the Ep66 

isolate in the seedling and graft tests, hypovirnlent 

isola·tes were not observed to kil.l any trees.. . Swelling in 

canke.rs incited by H isolates was observed only with the 

McDI isolate and was slight wit.h that isolate (page 126) ; 

some of the biocontrolled H+V canke.rs also showed swelling 

{page 143)... Apparently, a canker has to be relatively 

severe .before swelling occurs. 

The covariance method of assessing biocontrol appears 

to be a use.ful, objective method of assessing apparent 
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b iocon tro.l. It is qui·te sensitive, and the resultant false 

predictions of biocontrol gi·ve assurance that few cases of 

biocontrol vil.l be missed,. The frequency of .false 

predictions o.f biocontrol (5/16), especially where the H+V 

canker grew at less than 0.02 cm/day (3/9) (Table 9), in 

comparison to the expected .frequency of 1/8 for a.11 can.kers 

a.nd zero for H+V cankers growing less than 0.02 CJD/day (page 

140) suggests that some biological mechanism was limiting 

canker expansion in some of those B+V can:kers. Jaynes and 

Elliston (27) found t.hat mixtures of virulent strains could 

have significantly lower pathogenicity than any of the 

virulent s·trains alone. They suggested this could be due to 

fungal cell death resulting from interaction of strains that 

are vegetatively incompatible. In the present experiment, 

however, most coinoculations of incompati.ble strains did not 

show reduced pathogenici ty (7a.ble B). In fact, in the 

seedlings and grafts, the H+V cankers grew sig.nifica.nt1y 

(p<0.()01) faster than the V-alone cankers. A possible 

reason for this discrepancy is that Jaynes and E.lliston 

placed their mixtures in the same inoculation wound whereas, 

in t:he present experiment, the H and V strains were placed 

in separate wounds. Thus it is possible that some of the 

cases of reversal of apparent biocontrol in the present 

experiment were due to instability in a hypovirulence factor 

whic:h was in fact transmitted to the -viru.lent strain. The 

parent o:f the W2 isolate has shown such instab.ility (25). 
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The degree of vegetative compatibility .between an H and 

V isola·te appeared to gover.n the frequency of occurrence of 

biocontrol of ca.nkers of the V isolate b.Y the H isolate 

(page 136). Ellis·ton and Jaynes (18) have reported similar 

findings.. The pathogenicity of an H isolate was correlated 

roughly with the size of biocontro11ed H+V ca:nk-e.rs (page 

138) and may have been correlated with the density of 

stromata on the H-+V cankers (page 139). The degree of 

vegetative compati.bili·ty between isolates also may have 

influenced canker size by influencing the time when 

biocontrol started to occur (page 137). Anagnostakis and 

Waggoner (5) found that the mean of a growt.h rate parameter 

for H+V cankers was dependent on the degree of vegetative 

compatibility between the H and V isolates, but their 

analysis did not separate ·the effect on mean growth rate of 

frequency of biocontrol within a replicate set of H+V 

cankers from the growth rate of individual, biocontrolled 

H+V cankers. Both are important to efforts to use 

hypovirulence to control blight on Ame.rican chestnut. 

B~cause the si2e of H-alone cankers is generally small 

(Ta.b.le 7), it is difficult to imagine how a large reservoir 

of hypovirulent inoculum could develop unless it were to 

develop in the form of biocontrol.led cankers. Assuming that 

the larger these cankers are, the more hypovirulent inoculum 

they contain, one speculates that the pathog·e.nicity of H 
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isolates governs the amount of hypovirulent i:noculum per 

canker while vegetative compati.bility group primarily 

governs the frequency of occurrence of cankers with 

hypovirulent inoculum. The basis for this speculation could 

be confirmed .most easily by re-analysis of the data of 

Anagnostakis and Waggoner (5). 

In isolates fro·m virulen·t cankers biocont.rolled by 

European hypovirulent strains, there vas an excellent 

correlation between the occurrence of white or uniformly 

dark-yellow color and hypovirulence (Table 9). T.he 

frequency of white and uniformly dark-yellow isolates, a.nd 

of hypovirulent isolates increased from 1979 to 1980, with 

increasing age of the H-+V ca.nkers, as has been reported for 

European hypoviru1ent strains on European chestnut (23) •. · 

The prevalence of white colon_y color among European 

hypovirulent isolates could be used to great advantage in 

studies of the epidemiology of hypovirulence in Europe. For 

instance, single-ascospore isolates from European 

hypovirule.nt isolates could be screened for the occurrence 

of white colony color to detect hypovirulent isolates. The 

occurrence of perithecia with ascospores in the .Ep66 isolate 

may have p.layed a role in the trans:formation of ·the v-alone 

CR fungus to the .hypovirulent form, although transmission by 

insects or the experimenter is equally likely. It took 

about 1 . year for hypoviru.le.nce to spread to this canker; 

this rate was simila_r to that reported in Europe (23}. In 
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the a.bsence of clear morphological markers of hypovirulence 

in naturally occurring American hypovirulent isolates and i.n 

view of the time lag between transformation of a thallus and 

the occurrence of white isolates in the thallus, some 

variant of the covariance me·thod fwhich could include 

subjective assessment of canker severity) would have to be 

used to detect spread of hypovirulence in Ame.rica. 

Due to the virulent behavior in 1980 of the Ep66 

isolate o.f the Ep66-CB H+V combination and the inconsistent 

inoculations on the seedlings -with the Weekly V isolate 0£ 

the Ep14~Weekly H+V combination (page 150), I am :not able to 

assess the value of resistance in 

hypovirulence as a strategy 0£ chestnut 

conjunction with 

blight management. 

However, there has been .no evidence that the reasons for its 

value put forward in the introduction to this chapter a.te 

not valid. The disease control tests on the s.mall branches 

of the .Fldg tree (page 143) demonstrated that portions of 

stems distal to cankers on blight-resistant trees do persist 

longer than occurs on blight-susceptible ·trees •. 

Use of mycelial ball inoculum for microinoculations 

might have yielded hypovirulent Ep66 inoculum for the 

seedling and graf·t tests, and careful treatment of inoculum 

(page 150) would have alleviated the proble.ms with failure 

of the Weekly inoculations. However, the small size of the 

seedlings and grafts (Tables 14 and 15) pro.bably would have 
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prevented me f i::om observing hiocontrol in the second year 

after inoculation. Bazzig.her and Schmid (9) considered 

seedlings less than 3 years old to be too young for 

resistance testing. A likely reason for this is that the 

living pith and thin cortex and secondary xylem a.nd phloem 

of young trees ma.y allow chestnut blight cankers to expand 

through the stem, resu.lting in more rapid tree .death than if 

the cankers were forced to expand around the stem (Bazzigher 

suggested this to G .. J. Griffin). wi·th large inoculum and 

wounds this could be an especially vexing problem if trees 

were killed less than 10 or 20 days after inoculation. 

Microinoculations, as ·we tried to develop here (page 123) , 

m.ight relieve this problem. Certainly .my seedlings survived 

long enough for their resistance to be tested. and the 

microinoculation procedure was successful in this respect. 

I speculate that crowding of the seedlings also may have 

contributed to the relatively rapid canker expansion 

observed on ·them, and suggest that seedlings for resistance 

and .hypovirulence tests be widely p.lanted in full sun and 

properly -watered and fertilized. uc.hida (33) and Appel (7) 

found that one or more of these factors influenced the 

expansion of Endothia cankers on Japanese chestnu-t and pin 

oak, respectively. 

., .. ,··-... 
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CHAPTER FOUR 

PROGRESS OF CHESTNUT BLIGHT IN RECENTLY 

CLEARCUT AND FORESTED SITES IN VIBGINIA 

Introduction 

Hypovirulent strains of !• parasitica can control 

individual cankers caused by virulent strains, but no report 

exists of unassisted spread in America of the hypovirulence 

£actor :from canker to can.Ker, such that general disease 

remission occurs. General remission of blight, apparently 

due to the hypovirulence phenomenon, has occurred naturally 

in Europe (28). Naturally incited cankers on. American 

chestnut sprouts at a 10-yr-old cleacut site were treated 

with a hypovirulent strain of ];. ~rasitica (26), but the 

sprouts were overwhelmed bJ 

disease control could occur,. 

blight incidence was much 

additional cankers before 

It was noticed that chestnut 

higher at sites clearcut 

approximately 10 years previously than a·t sites forested 

with poletimber (trees> 12.5 cm diameter at breast height 

(1. 4 m, db.h) ] a.nd sawtimber (hardwood trees > 28 cm dbh) of 

species other than chestnut. This difference presented an 

o,pportunity to observe progress of blight at recently 

clearcut and forested s.ites, with a view to understanding 

the causes of the rapid blig.ht progress at clearcuts and the 
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slow blig.ht progress at forested sites. This chapter 

summarizes and analyzes such observations. It was 

anticipated that t.he observations would sugges·t better sites 

{where disease pressure was lower) than 10-yr-old clearcuts 

for deploying hypovirulent strains and that t.he analysis 

would suggest improved procedures for doing so. It was 

anticipated also that procedures would be developed for 

measuri.ng and analyzing blight progress in Europe and a 

basis established for comparing blight progress in America 

and Europe.. such a comparison might lead to a better 

understanding of the role.of hypovi.rulent strains in blight 

remission in Europe and a determination of whether and how 

hypoviru1ent strains could function similarly in America. 

Materials and Methods 

Two study plots were es·tablished at each of 14 clearcut 

sites Ieither in regeneration or in the seedling..-sapling 

stage (dbh < 12 .. 5 cm) ] in the Blacksburg Ranger District of 

the .Jefferson National Forest i.n Virginia. Five study plots 

were established at a site with poletimher and at an 

adjoining clearcut site of the District. Two plots were 

established at a selectively cut site of the District. Each 

plot vas 20 m square and was located in the densest stand of 

American chestnut available at the site. T.his plot size was 
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chosen because the plots included at least 25 sprouts in 

most cases and could be .measured in a reasonable amount of 

time. The name, age since cutting, forest type and site 

index of each site is given in Table 18. The dbh of all 

dominants and codominants was measured in two 30x30 m plots 

at the JCA .forest site with tree calipers. The mean and 

standard deviation of dhh (not the square root of mean 

squared dbh) were 17.7 ::!: 7.3 cm (measured to the nearest 

0.25 cm). The dominants and codominants were predominantly 

(773) red oak {Quercus rubra L.) and chestnut oak (Q .. 

.eiinus L.).. The plots at all but the GM1 site were 

established in 1979; the plots at the JCA and JC1 sites were 

established in July and August, 1979, and the plots at the 

remaining 1979 sites were established in September and 

October. 1979. The GM1 p.lo·ts were established in October, 

1980.. There were no c.learcuts 0 to 3 years old in 1979. 

The diameter of all ches·tnut sprouts in a plot was 

measured with .a cloth tape to the nearest 0.1 cm, and all 

blighted sprouts noted. Sprouts over 0.8 cm in diameter 

were measured at breast height (1 .. 4 m), sprouts under 0.8 cm 

measured at two-thirds of sprout .height. on each canker, 

the length and width of the region with stromata were 

measured. The area was computed as t.he product of that 

length and width. Quite frequently, the region with 

stro.mata girdled the stem; ellipically shaped re.gions with 



-181-

Table 18 

Age, forest type and site index of sites wher& plots were established 
to study progress of blight on American chestnut. 

Age since Forest and 
Name of site clearcuttingl. mana11:ement type 2 • 

Gap Mountain 1 (GMl) 1 Pitch Pine (38) 
Little Oregon Branch 1 (LOBl) 4 Pitch Pine 
Little Oregon Branch 2 (LOB2) 4 Oak Hickory (53) 
Southside, Roanoke (SR) 4 Oak Hickory 
Southside, Montgomery (SM) 4 Oak Hickory 

Hall Road 1 (HRl) 5 White Pine (03) 
Hall Road 2 (HR2) 5 Oak Hickory· 
Appalachian Trail 3 (AT3) 6 Oak Hickory 
Bee Branch 1 (BBl) 7 White Pine 

Porterfield Branch 1 (PBl) 8 Oak Hickory 
Porterfield Branch 2 (PB2) 8 Oak Hickory 
Craig Creek 1 (CCl) 9 Oak Hickory 
Craig Creek 2 (CC2) 9 Oak Hickory 
John's Creek A (JCA) 60-70 Oak Hickory 
John's Creek 1 (JCl) 11 Oak Hickory 

John's Creek 3 (JC3) 4 • 6 Oak Hickory 
Bee Branch 2 (BB2) 5 White Pine 

1. 

Site 
index3 • 

61 
51 
63 
73 
61 

73 
63 
63 
61 

61 
61 
63 
63 
73 
73 

61 
61 

Difference between year of site preparation and year of measurement of 
incidence. Year of site oreoaration obtained from the distinct map of 
the Timber Management Specialist of the Blacksburg Ranger District. As 
best as could be determined, the year of site preparation corresponded 
to the year when cutting was complete. 

2. 

3. 

4. 

Forest type according to U.S. Forest Service classification (Ref. 3). 
Obtained from compartment prescription file of site in the Blacksburg 
Ranger District. 

Site index according to U.S. Forest Service method (Ref. 3). Obtained 
from compartment prescription file. The first digit is the height, to 
the nearest 10 feet (61 = 60 feet for instance), of a 50-yr-old tree. 
The second digit has the following meanings: 1 - Tree used for mensu-
ration met all standards; 2 - Tree did not meet all standards; 3 -
Index estimated or else management type was changed so equivalent types 
were used. 
Selectively cut site. 
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stromata, such as are observed after artificial inoculation, 

were not observed f.requently. Samples of stromata from 19 

sprouts in 8 plots were examined for the presence of 

perithecia with ascospores, and all contained perithecia 

with ascospores. In each plot used for developing a mode.l 

of disease progress, three chestnut sprouts ranging up to 

0.8 cm, three sprouts between 0.8 cm and 2.0 cm, and three 

sprouts greater than 2~0 c.m dbh were cut and the age of the 

sprout determined by counting the annual .rings at the base 

of the sprout. On all chestnut sprouts with rhytidome (dead 

outer bark) at the poletimber site, the diameter of the stem 

was determined at the points where the ste.m was completely 

enclosed with .C'hy·tidome. where it was 50% enclosed, and 

vhere rhytidome began to be present. 

Results 

Dif f e.rences between forested a.nd clearcut sites. Table 

19 shows the blig.ht incidence £or all American chestnut 

sprouts and for American chestnut sprouts greater than 2.0 

cm and 0.8 cm dhh in four plots at the JCA and JC1 sites .. 

For all classes of sprouts, the incidence at the clearcut 

site was significantly {p<0.01) higher. However, because of 

persistent sprouting from the stumps of blight-killed 

sprouts (i.~ ... , there was a death-depende.nt birth rate), the 
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Table 19 

Fraction of blighted American chestnut stump sprouts in three 
classes (with percentages in parentheses) in each of four 20x20 m 
plots at a recently clearcut site and an adjacent forested site. 

Sprouts over Sprouts over 
All 0.8 cm diameter 2.0 cm diameter 

Site sproutsl. at breast height at breast height 

% % % 

JCA2 • 12/78 (15)- 10/45 (22) 4/17 (24) 
(forested) 18/88 (20) . 14/53 (26) 4/18 (22) 

17/75 (23) 11/41 (27) 5/9 (56) 
15/55 (27) 8/27 (30) 6/10 (60) 

Jc1 2 · 73/125 (58) 50/71 (70) 39/42 (93) 
(clearcut 41/51 (80) 35/39 (90) 25/26 (96) 
11 years 75/125 (60) 64/79 (81) 41/44 (93) 
previously) 79/108 (73) 66/79 (83) 39/43 (91) 

1 'Includes every chestnut sprout in the plot, including those 
less than 0.8 cm diameter at breast height. 

2 ·For each diameter class, incidence was significantly (p<0.01) 
dependent on site by a G-test. 
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incidence at the clearcut site was lower for sprouts with a 

smaller dbh, especially for sprouts 1ess than 0.8 cm db.h. 

For that reason, sprouts less than 0.8 c.m dbh were excluded 

when calculating incidence for disease progress in 

clearcuts .. 

The cankers from the biocontrol experiment o.n stump 

sprouts of Chapter Three were subdivided into those in a 

clearcut and a poletimber site, which were the JC1 and JCA 

sites, respectively, and the statistics calculated for 

canker expansion, sporulation and inoculation failures. 

Table 20 shovs the canker growth statistics for the eight 

isolates o.f Table 6. overal1, the cankers on sprouts at the 

poletimber site were significantly (p<0.001) longer than 

those on sprouts at the clearcut site by 43 but not by 137 

days after inoculation. The slopes of the canker growth 

curves for the virulent isolates were significantly 

(p<O .. 001) greater on the sprouts at the poletimber site [the 

slopes for the hypovirulent isolates were insignificantly 

(p>0.05) different from zero by a t-test]. Thus, variation 

in susceptibility to colonization by J.. ,Earasitica does not 

appear to have played a role in the observed difference in 

incidence between forested and clearcut sites .. 

Inoculations were deemed failures when there was a 

black discoloration at the inoculation site and .no signs of 

the pathogen were visible. For hypovirulent isolates, there 
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Table 20 

Mean canker lengths at 43 and 137 days after inoculation and slope of canker 
growth curve for isolates of Endothia parasitica on American chestnut stump 
sprouts over 3.6 cm in diameter at breast height growing at a recently clear-
cut site (JCl) and an adjacent forested site (JCA). 

Mean canker length Mean canker length Slope of canker 
at 43 dazs at 137 dazs growth curve 

Isolate Forestl · Clearcutl· Forest2. Clearcut2· Forest3· Clearcut3· 

cm cm cm cm cm/day cm/day 

Ep3(H) 4 • 1.45 3.28 1. 75 3.68 I I 
Epl4 (ll) 2.07 1.93 2.70 2.34 I I 
McDI(H) 2.25 3.68 4.02 4.70 I I 
W2 (H) 3.29 4.07 5.41 S.46 I I 
Ep66 (H) 4.06 S.12 6.25 5.95 I I 
Weekly(V) 4.37 7.38 14.56 15 .as 0.1213 0.0921· 
Ep39(V) S.28 10.40 16.31 18.70 0.1177 0.0917 
CR(V) 6.73 9.16 17.32 18.10 0.1107 0.1023 

1. There were significant (p<0.001) differences between the forest and clear-
cut sites by an F-test after two-way analysis of variance (equivalent to 
a paired t-test). The interaction term was not significant (p>0.6) by an 
F-test. 

2. There were no significant (p>0.05) differences between the forest and 
clearcut sites by an F-test after two-way analysis of variance (equiva-
lent to a paired t-test). The interaction term was significant (p<0.035) 
by an F-test, but the means for the forest site were less than those for 
the clearcut site except for the Epl4 isolate. 

3. There were significant (p<0.001) differences between the forest and clear-
cut sites by an F-test after two-way analysis. of variance (equivalent to 
a paired t-test). The interaction term was not significant (p>0.57) by an 
F-test. 

4. H denotes a hypovirulent and Va virulent isolate. 
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Table 21 

Association of mean index of stromatal density with occurrence of 
rhytidome on American chestnut sprouts (greater than 3.6 cm in 
diameter at breast height) located at a recently clearcut site (JCl) 
and an adjacent forested site (JCA) after inoculation with virulent 
and hypovirulent isolates of Endothia £.!!_rasitica. 

Isolate typel. Location 

Virulent forest 2 • 

clearcut 

Hypovirulent forest 2 · 

clearcut 

-occurrence of rhytidome 

present intermittent absent 

Stromatal density (number of cankers) 

2.0 (6) 3• 

(O) 

0. 7 (9) 

0 (1) 

1.5 (6) 

(0) 

1.4 (7) 

0. 3 ( 3) 

2.9 (17) 

2.9 (21) 

2.3 (9) 

2.1 (7) 

1. The virulent isolates were CR, Weekly, and Ep39. The hypoviru-
len t isolates were Ep3, Epl4, r:l2, and Ep66. 

2. For the forest trees, with both isolate types there were sig-
nificant (p<0.001) positive correlations between index of 
stromatal density and lack of rhytidome by Kendall's coefficient 
of rank correlation. A non-parametric test was used because the 
abundance of cankers with stromatal density index zero caused 
inhomogeneity- of variances. 

3. Stromatal density rated on a scale of 0 to 3, where: 0 is no 
stromata; 1 is less than 1 stroma per cm2; 2 is from 1 to 3 
stromata per cm2 of cankered surface; 3 is more than 3 stro-
mata per cm2 of cankered surface (in a sub-sample of ten can-
kers rated at stromatal density index 1, all stromata in 1 cm2 
area of bark were counted; these areas had a mean of 23.5 stro-
mata per cm2). The number in parentheses are the number of 
cankers in that category. 
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were 11 cases of inoculation failure out of 126 inoculations 

at the poleti.m.ber site and 2 of 84 at the clearcut site. 

For virulent isolates, there were 

inoculations at the poletimher site 

2 failures 

and 0 of 

out of 

56 at 

84 

the 

clearcut site. Overall" inoculation failures were 

significa.ntly dependent on site and on isolate type by a 

G-test for independence (p<0.025). 

Table 21 presents data for the association of rhytidome 

with stro.matal density of virulent and hypovirulent isolates 

at the poletimber and clearcut sites. At the poletimber 

site, for both types of isolates, there was a signi.ficant 

{p<0.025) negative correlation between presence of rhytidome 

and the index of stromatal density. On ten virulent cankers 

(rated at stro.matal density index 3 1 Table 21) on sprou·ts 

lacking rhytido.me, t.he mea·n and standard deviation of the 

number of stromata in one 1i1 cm area per canker was 23.5 ~ 

5.9. The mean s·tromatal density on cankers caused by 

virulent isolates on sprouts with rh:ytidome was between 1 

and 3 stromata per cm2 (corresponding to stromatal density 

index 2 1 Table 21). Th us, the presence of rhytido.me was 

associated -with a ten"""fold reduction in stromatal densitJ .. 

O.n sprouts greater than 3 .. 6 cm dbh, 12 of 29 sp.routs at 

the poletimber site had rhytidome to a height of 1.75 m, and 

16 of 25 sprouts had it to a height of 0 .. 5 m.. At the 

clearcu·t site, 0 of 21 sprouts had rhytidome at 1. 75 m, and 
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4 of 11 had it at 0.5 m. BJ a G-test for independence~ the 

occurrence of rhytidome was significantly {p<0.005) 

dependent on site. There were 30 s.prou ts in five 20x20 m 

plo·ts at the JCA site with rhytidome enclosing portions of 

their stems. The rh:.ytidome on 27 of those sprouts measured 

1.47 ± O.!JO mm in thickness a·t breast height (1.4 m). On 

the 21 sprouts where the stems became completely enclosed by 

rhytido.me, the mea:n and standard deviation of stem diameter 

were 4.00 ± 1.13 cm. Stem diameter averaged 3 .. 46 ± 0.97 cm 

on 22 sprouts at the point where 503 of the stem 

circumference had rhytidome and 3 .. 07 ±. 0.80 cm on 16 sprouts 

where rhytidome began to be present on the stem. At 

clearcut sites, rhytidome was not observed at heights above 

0.3 m on sprouts which had sprouted after cutting .. 

American chestnut sprouts growing at fa.rested sites 

sites .had a different appearance than new sprouts growing at 

clearcut sites. Figure 18A shows the general habit of 

several medium-sized American chestnut sprouts in a 

relatively dense stand at a poletimber site; the stems were 

curved and the leaves arrayed in one plane. Figures 18B, 

18C, and 18E show small (<0.8 cm diameter), medium (0.8-5 cm 

dbh), and large {>5 cm dbh) chestnut sprouts, respectively, 

stem of the at a poletimber site. Note that the 

mediu.m-sized sprout 

branched strongly. 

did not grow straight up and that it 

Figure 18D shows this sprout•s bark, 
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Fiqu~ ~· American chestnut sprouts growing in a 
poletimber site. !· The crowns of seve:a:al .medium-sized 
sprouts are indicated by arrows. Illustrates the planar 
leaf arrangement of understory chestnut and the dense stands 
often seen at forested sites.. B, c, and !"' . Small (<0 .. 8 cm 
dbh), medium {O. 8-5 cm dbh) and large (>5 cm dbh) trees, 
respec·ti vely, at a forested site.. The medium-sized tree 
(C) illustrates the non-straiglit nature and strong branching 
of the stems of understory chestnut. The large-size tree 
{E) is indicated by the arrow. Note the man working to the 
left of that tree _!!. Bh.Ytidome and lichens present on stem 
of medium-sized t.ree of Figure c .. 
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Fig~ j2.. American chestnut trees ·which had sprouted 
after clearcut ting. _!.. The tops of bro sprouts at a 5-yr-
old clearcut (the SM site) are sboJJn on the right and left. 
Note their spiral leaf arrangement (2/5 phyllotaxis) and 
strong leaders.. A man is standing behind the pitch pine 
seedling in the left foreground {arrow).. .§. Five .blight-
killed stems of American chestnut (arrows} at a 12-yr-old 
clearcut (the JC1 site). noticable b_y their darkened bark .. 
Compare to Figure 18A.. f::J!. A strong single stem (C) a·nd a 
sprout cluster (.D} at a 5-yr-old clearcut (the SM site). 
Note the smooth bark devoid of rhytidome and epiphytes.. ]. 
Four relatively .large sprouts growing from the base of a 
recently blight-killed stem at a 12-yr-old clearcut (the JC1 
site). 
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11hich had rhytidome. indicated by the rough surface texture 

and longitudinal cracks. Note also the lichens presen·t on 

the stem; the stem itself was grey in color. Figure 19A 

sho·ws t.he tops of two new chestnut sprouts at a site 
· .. 

clearcu·t 5 :years p:ceviously. Note the strong .leaders and 

spiral (2/5 phyllotaxis) arrangement o:f their leaves. 

Figure 19B sho·ws five sprouts killed by blight at a site 

clearcut 12 years previously. They are identi.fiable by 

their dark stems. Figure 19C illustrates a single sp.rout 

and Figure 19D illus·trates a cluster of three sprouts at a 

5-yr-old clearcut. Note the smooth bark. which was devoid 

of rhytidome and generally grey-green or light brown in 

color.. Figure 19E shows four sprouts greater •. than 0.8 cm 

dbh arising f.i::o.m the stump of a blight-killed sprout at a 

12-yr~old clearcut. In summary. sprouts growing at forested 

sites had curved. strongly branched stems which o.ften did 

not grow straight up and which had grey bark. frequently 

bearing rhytido.me and lichens.. Sp.routs at clearcut sites 

grew straight up. vith a strong leader. and had smooth, 

grey-green or light brown bark, lacking rhytidome and 

visible epiphytes. 

Approximately 10:% of the sprouts .over 0.8 cm dbh at 12 

clearcut sites (excluding the 1-yr-old site) were of the 

type found in forested sites. Of these 90 sp:cou ts. 42 were 

cut or .bent over under brus.h during cutting and site 
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preparation~ Of the remaining 48 sprouts, 20 were 

ove:rtopped by sprouts from their root co1lar, those sprouts 

becoming the dominant sprouts of the stump. Twenty-eight 

sprouts may have been the dominant sprout of their stump, 

but 22 of these were blighted or dead. sixty of the 86 

sprouts over O. 6 cm db.h at the 1-1r-old site were 

fores·t-type sprouts. Of these 60, 36 were cut or bent over, 

16 were blighted and 16 were hea1thy.. Thus, new sprou·ts 

predominated in clearcuts,. 

~able 22 shows the number of sprouts, stumps, and 

sprout clusters for three si.ze categories of sprouts at the 

JC1 clearcut and JCA poletimber sites. The fraction of 

sprou·ts per stump and clusters per stump was significantly 

(p<0.()1) dependent on site for each size category by a 

G-test, there being more at the JC1 site than the JCA site. 

F.ractio.ns of sprouts per stump and clusters per stump at 13 

clearcut sites (Table 23) were similar to those observed at 

the JC1 site. These sites were those used to develop the 

model for blight progress in clearcuts. The JC1 site was 

not included in that sample because resproutinq of 

blight-killed sprouts and abeya.nce of blight progress had 

begun at this site. The BB2 and JC3 sites were anomalous, 

and the resuts of :measurements at them will be presented in 

a subsequent section. 
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Table 22 

Fraction of snrouts per sprouted stUllll> and.number of sprout clustersl. in 
three diameter classes of American chestnut in each of four 20x20 m plots 
at a recently clearcut (JCl) and an adjacent forested (JCA) site. 

Site 

All sprouts2· 
Sprouts over 0.8 cm Sprouts over 2.0 cm 
diameter at breast diameter at breast 
height2• height2. 

snrouts/ 
stump4· 

number of sprouts/ number of sprouts3·/ number of 
clusters stump clusters stump4. clusters 

JCA 
(forested) 

78/59 
88/60 
75/56 
55/22 

15 
15 
14 
11 
17 
12 
20 
16 

45/35 
53/42 
41/32 
27/21 
71/28 
39/18 
79/29 
79/20 

9 
7 
7 
5 

17/16 
18/17 

1 
1 
1 
1 
9 
5 

JCl 
(clearcut 

125/28 
51/18 

125/30 
108/20 

12 
10 
12 
15 

9/8 
10/9 
42/28 
26/18 
44/20 
43/18 

11 years 
previously) 

11 
9 

1. 

2. 

3. 

4. 

A snrout cluster was defined as one stump bearing more than one sprout 
of che requisite minimum diameter. 
For each diameter class, the number of sprouts per stump and the number 
of clusters per stUllll> were si!!Ilificantly (p<0.01) dependent on site by 
a G-test. 
For this column, there were significantly (p<0.05) more mean sprouts 
per plot at the JCl site by a t-test. 
For this column, there were significantly (p<0.05) more stumps per plot 
at the JCA site by a t-test. 



Site 

GMl 

LOB! 

LOB2 

SR 

SM 

HR! 

HR2 

AT3 

BBl 

PBl 

PB2 

CCl 

CC2 
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Table 23 

Fraction of sprouts per sprouted stump and number of sprout clusters1 • in 
three diameter classes of American chestnut in each of two 20x20 m plots 
per site at recently clearcut sites. 

A!?e 
of 
site 
yr 
1 

4 

4 

4 

4 

5 

5 

6 

7 

8 

8 

9 

9 

All sprouts 
(sprouts/ number of 

stump)2 ·clusters 

83/22 
146/ 34 

29/15 
50/25 

200/46 
99/21 

116/22 
16/9 
78/17 

124/25 

95/25 
79/15 

125/30 
96/16 
80/18 

126/42 
97/21 

107/18 

61/6 
87/11 
79/20 
82/12 
73/7 

130/13 
161/15 
118/14 

17 
31 
6 

11 
34 
18 
17 

5 
12 
23 

17 
14 
21 
13 
12 
14 
16· 
12 

6 
9 

12 
10 

6 
13 
14 

9 

Sprouts over 0.8 cm 
diameter at breast 
height 

Sprouts over 2.0 cm 
diameter at breast 
height 

(sprouts/ number of (sprouts/ number of 
stump)3. clusters stump)4•clusters 

32/20 
54/29 
19/12 
,~0/19 
105/ 39 

39/14 
78/18 
12/8 
45/16 
74/ 26 

53/ 23 
38/14 
60/25 
57 /16 
30/14 
42/22 
54/21 
54/18 

24/6 
33/10 
47/18 
33/13 
20/ 7 
31/13 
37/18 
30/14 

5 
15 

4 
8 

24 
11 
16 

3 
9 

19 

10 
8 

13 
12 

8 
10 
15 
11 

4 
8 
7 

10 
5 
8 

11 
7 

10/9 
18/16 

3/3 
13/9 
24/14 
10/7 
34/14 
5/5 

19/11 
37/21 

13/7 
8/4 

23/12 
17/12 
14/10 
22/16 
26/17 
24/13 

16/6 
25/10 
27/14 
19/10 
16/7 
24/13 
20/13 
24/14 

1 
2 
0 
4 
8 
2 
8 
0 
7 

11 

3 
2 
6 
3 
3 
3 
5 
5 

3 
8 
4 
7 
4 
6 
6 
4 

1. A sprout cluster was defined as one stump bearing more than one sprout of the 
requisite minimum diameter. 

2. There were significantly (p<0.05) more mean sprouts per stump per plot at the 
9-yr-old sites than at any other sites and significantly (p<0.05) more at the 
8-YT-old sites than at any but the 7-yr-old site by Duncan's multiple range 
test. 

3. There were significant (p<0.05) differences in the mean number of sprouts per 
stump per plot only between the 8-yr-old and 1-yr-old sites by Duncan's multi-
ple range test. 

4. There were significant (p<0.05) differences in the mean number of sprouts 
per stump per plot between the 8-yr-old and 4-, 6-, and 1-yr-old sites and 
between the 9-yr-old and 1-yr-old sites by Duncan's multiple range test. 



-197-

There were more mean stumps per plot at the JCA site 

than at the JC1 site, these differences being significant 

(p<0.05) by a t-test for stumps with sprouts of any size and 

for stumps with sprouts over 2.0 CJD dllh, but not for sprouts 

over 0.8 cm. This factor partially offset the lesser number 

of sprouts per stump at the JCA site; thus, while there were 

more mean sprouts per plot at the JC1 site for each size 

category, the difference was significant (p<0.05) by a 

t-test only for sprouts over 2.0 cm dbh.. There were more 

sprouts over 2.0 cm dbh at the JC1 site because sprouts grew 

faster after being released (see .below). Resprouting of 

stumps with blig·ht-killed sprouts also increased the number 

of sprouts of all sizes at the JC1 site, where blight 

incidence was high, . 

blight incidence was 

in comparison to the JCA site, where 

low (Table 19). Resprouting also is 

reflected in Ute facts that, for sprotrts o.f all sizes, there 

were significantly (p<0.05) more mean sprouts per stump per 

plot by Duncan•s multiple range tes·t at the 9-yr-old sites 

than at any of the other 12 sites show.n in Table 23 and more 

at the 8-yr-old site than at any but the 7-yr-old site. 

These differences did not hold for sprouts over 0.8 or 2.0 

cm dbh. 

To summarize: blight incidence was hig.her at clearcuts; 

cankers expanded faster on sprouts at the poletimber site; 

there were more inoculation :failures at the poletimber site; 
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rhytido.me was prevalent only at the poletiaber site; 

rhytidome reduced stromatal density ten-fold; .most living 

trees in clea.rcuts were new sprouts; there were more sprouts 

per stump at clearcuts but more stumps per plot at t.he 

poletimber .site so that the numbers of sprouts per plot at 

the sites were approximatel_y equal •. 

There were additional differences be·tween the 

poletimber and clearcut sites: sprouts at the poletimber 

site were smaller in diameter, had less area with stromata 

on cankers with stromata, and had fewer cankers per sprout 

than sprouts at the clearcut sites. These differences will 

be enumerated in the following sections. 

Sproyt diameter. Ta.ble 24 shows the number of sprouts, 

their mean diameter and standard deviation, and the age of 

three sprouts in three size classes at 13 clearcut sites and 

at the .JCA poletimber site. At. ·the JCA si·te., sprouts less 

t.han o. 8 cm in diameter and sprouts in the o. a to 2. 0 cm dbh 

c.lass were up to 31 years old, ranging down to 8 years old; 

sprouts over 2.0 cm dbh ranged from 22 to 38 years old. The 

age of the sprouts over 2.0 cm dbh at the clearcut sites, 

none of which was a forest-type sprout, 9enera.lly reflected 

the ages of their sites. [!the ages of sprouts over 2.0 cm 

dbh at the HR1 site did not reflect the ages of their sites, 

possibly because the site was subjected to a prescribed 

burn.. The ages o.f sprouts over 2.0 cm dbh at the SR site 



Table 24 
Age of trees and number, mean, and standard deviation of diameter in three diameter classes of American chestnut stump 
sprouts in each of two 20x20 ru plots at 13 recently clearcut sites and each of four 20x20 m plots at a large pole-
timber site. 

0-0.8 cm at 
two-thirds height 

Sice 
Age of Number Mean Standard 
site sprouts diaml•deviation 
yr 

CMl 1 51 
92 

LOBl 4 11 
10 

LOB2 4 95 
60 

SR 4 38 
4 

SM 4 33 
50 

HRl 5 42 
41 

llR2 5 65 
39 

AT3 6 50 
84 

BBl 7 4 3 
53 

PBl 8 37 
54 

PB2 8 32 
49 

CCI 9 53 
99 

CC2 9 124 
88 

JCA large 32 
poletimber 35 

34 
28 

cm 

o. 38 
0.40 
0.51 
0.50 
0.49 
o. 30 
0.40 
0.56 
0.37 
0.35 
0.43 
o. 38 
0.38 
0.31 
0.36 
o. 36 
0.35 
0.33 
0.25 
0.27 
0.26 
0.26 
0.27 
0.27 
0.25 
0.26 
0.45 
0.46 
0.43 
0.34 

cm 
0.18 
0.17 
0.19 
0.14 
0.40 
0.17 
0.19 
0.20 
0.17 
0.16 
0.17 
0.18 
0.17 
0.15 
0.17 
0.14 
0.16 
0.18 
0.08 
0.11 
0.14 
0.93 
0.12 
0.11 
0.10 
0.10 
0.11 
0.20 
0.17 
0.15 

Diameter size classes 
0.8-2.0 cm at 
breast helght 

Age of Number Mean Standard 
3 sprouts 2• sproutsl. diam deviation 

yr 
l, l, l 
1,1,1 
1,2,1 
1,2,2 
2,1,2 
1,2,2 
2,2,2 
1,2,2 
2,2,2 
2. 3, 2 
2,2,1 
1,2,2 
2 ,4. 5 
1,5,2 
1,1,2 
2,1,6 
2,3,1 
3, l, 3 
2,1,l 
1,1,l 
2,1,1 
l, l, l 
1,1,l 
1,1,1 
1,2,1 
2,1,1 
8,19,24 
15,26,4 
9,8,27 
24,10,x 

22 
36 
15 
27 
81 
29 
44 

7 
26 
37 
40 
30 
37 
40 
16 
20 
28 
30 

8 
8 

20 
14 

4 
7 

17 
6 

28 
35 
32 
17 

cm 

1,11 
1.05 
1. 71 
1.23 
1.22 
l.21 
1.26 
1.31 
1.24 
1.17 
1.28 
1.12 
1.20 
1.20 
1.51 
1.18 
1. 32 
1.42 
1.39 
1.52 
1. 36 
1. 27 
1.44 
1.40 
1.23 
1.18 
1.05 
1.16 
1.20 
1.11 

cm 

0.29 
0.28 
0.38 
0.33 
0.37 
0.30 
o. 38 
0.35 
0.37 
0.30 
0.34 
0.29 
o. 31 
0.32 
2.09 
0.42 
0.37 
0.26 
0.40 
0.30 
0.40 
0.28 
0.47 
0.34 
0.31 
o. 32 
0.29 
0.35 
0.35 
0.25 

>2.0 cm at 
breast heieht 

Age of Numb;r-Mean Standard 
3 sprouts 2· sprouts diaml. deviation 

yr 

1,1,1 
1,1,1 
4,2,2 
3,2,2 
2,1,2 
2,4,3 
2,2,2 
2. 3,1 
2, l, 3 
2,2,2 
3,5,3 
2,2,2 
2,2,2 
2,5,2 
3,4,6 
6 ,6 ,4 
2,4,4 
3,4. 3 
2. 3, 2 
3,2,6 
2, 3,2 
3,2,6 
5, 7,6 
2,2,2 
1,2,1 
2,2,1 
8,17. 7 
25,21,31 
29,16,18 
14,22,13 

10 
18 

3 
13 
24 
10 
34 
5 
19 
37 
13 

8 
23 
17 
14 
22 
26 
24 
16 
25 
27 
19 
16 
24 
20 
24 
17 
18 

9 
10 

cm 

3.89 
3.13 
2.19 
2. 77 
2.64 
2. 30 
3.05 
3.09 
2.65 
2.68 
2.79 
2.62 
3.02 
3.28 
3.14 
4.10 
3.04 
3.40 
3.89 
3.87 
4.00 
3.95 
4 .92 
4.95 
5 .36 
4.40 
2.84 
3.43 
2.52 
2. 72 

cm 

1.17 
1.12 
0.21 
1.03 
0.67 
0.41 
1. 37 
0.95 
o. 75 
0.65 
0.98 
0.60 
1.25 
1.22 
1.13 
1.15 
1.20 
1.41 
1.84 
1.4 7 
1. 39 
1.64 
1.93 
1.62 
1. 73 
1.50 
0.83 
1.85 
0.56 
0.67 

Age of 
3 sprouts2• 

yr 

* 
* 4,4,3 

4,4,4 
4,4,4 
4,3,3 
3,3,3 
2,3,3 
2,4,2 
2,4,4 
4,3,3 
3,3,3 
5,5,3 
5,5,5 
6,6,7 
6,6,7 
7,7,7 
4,5,5 
7 ,4. 7 
4,4,7 
6,6,8 
6,7,7 
7,8,2 
9, 7. 9 
7,7,7 
9,8,7 
33,27,38 
26. 37. 31 
25,26,30 
22,29,31 

1. This is mean diameter not the square root of mean squared diameter. Diam~ters were measured with a cloth tape. 
2. Age determined by counting the number of annual rings of a cross section at th~ base of the sprout. Rings in trees 

from mature forest were counted under a dissecting microscope. 
* There were no new sprouts greater than 2.0 cm dbh; they were all forest-type sprouts. 

I 
I-' 
\0 
\0 
I 
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also did not reflect the age of their site; I believe this 

occurred because of sample variation. The LOB1, LOB2, and 

BB1 sites also had been subjected to prescribed burns.] At 

the clearcut sites, sprouts under 2.0 cm dbh most frequently 

were 2 years old, although. their ages ranged up to the age 

of the site, especially for the sprouts between 0.8 and 2.0 

cm dbh. In tl1e 0-0 .. 8 cm diameter class, 1-yr-old sprouts 

predominated at the 8- and 9-yr-old sites, but no·t a·t sites 

4 to 7 yea.rs old. At the clearcut sites, excluding the 

1-_yr-old si·te, the mean diameter of sprouts over O. 8 cm dbh 

increased with the age of tbe site. The first-order 

regression of mean diameter versus age had a slope of 0.367 

cm/yr (significantly different from ~ero at p<0.001) and an 

intercept of 0 .. 15 cm for sprouts over o .. e cm dbh and, for 

sprouts over 2.0 cm d.bh, a slope and intercept of 

approximately 0.4 cm/yr and 1.0 cm. For sprouts ove.r 0.8 cm 

dbh, the coefficient of determination, R2, was 0.19, but was 

o.a1 after subtracting the sum of squares for pure error. 

These rates are less than those reported for chestnut 

sprouts by Ashe (6) and Zon (42), but they include weak 

stems which ultimately would be suppressed in the absence of 

blight. It was observed that stumps which had supported 

large sprouts tended to resprout more vigorously than stumps 

with small sprouts; 

0.8 cm dbh were 

for example, 1-yr-o.ld sprouts exceeding 

common only at the 9-yr-old site (i:n 

addition, of course, to the 1-yr-old site) (Table 24) .. This 
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would tend to cause present-day chestnut sprouts to be more 

similar in growth rate to chestnu·t seedlings (which grew 

more slowly) than to sprouts from large chestnut trees 

(which grew .more rapidly) (6, 42).. The sp.routs over 2. 0 cm 

db.hat the 9-yr-old sites averaged 4 .. 9 c.m in d.bh (Table 24). 

Extrapolati.ng this rate to 50 years gives a dbh of 10.7 

inches, which is not dissimilar from Zon's {p 23, 42) report 

of 11.2 inches dbh for 50-yr-old seedlings.. To summarize, 

sprouts at clearcut sites grew more rapidly than sprouts at 

the poletimber site. 

Cank~ ~ with stromata. With the exception of the 

1-yr-old site, the mean area of bark lifith stromata per 

canker with stromata increased in each year (Fig. 20A). The 

stromatal bark a.rea on the small sprou·ts arising at the base 

of .blighted stems skewed t.he mean area downward. Thereto.re, 

sprouts less than O. 8 cm dbh were excluded fo.r the fi.rst 

phase of modeling the increase with time of mean stromatal 

bark area pe.r stromatal canker. Additionally, the data for 

the 1-yr-old site vere excluded .because 20 of the 21 sprouts 

with stromata at that site were forest-type sprouts, whereas 

more than 87% of the sprouts t1ith stromata. at the older 

sites had sprouted after clea.rcutting. 

The increase in stromatal bark area per stromatal 

canker on sprouts greater than 0.8 cm dbh from years 4 to 9 

was modeled best as area equal. to 4.27 times age squared. 

J 



-202-

Figure 20. Simulated (lines) and observed (points) 
mean area or length of bark with stromata per stromatal 
canker during epidemics of blight on American chestnut 
sprouts at recently clearcut and forested plots. The 
observed points are plot means, but the curves were fitted 
to the raw data. J. Area of the region vith stromata per 
canker with stromata versus years after clearcutting. For 
simulation, the area on forest-type trees, ~hich were 
present at years 0 and 1, was assumed to decay from its 
value at year 0 by the relation area=55exp(-0.5t). The area 
on clearcut-type trees, which were present in years 4 to 9, 
was assumed to increase by the relation area=4 .. 272t2; t.he 
parameter 4 .. 272 was obtained by ordinary least squares 
regression of stromatal area per stromatal cankec on years, 
for clearcuts aged 4 to 9 years old. The simulated area 
th11s follovs the relation area=55exp(-0.5t)+4.272t~. ]. The 
length of the region with stroma ta per canker with stroma ta 
versus years after clearcutting, demonstrating a linear 
relationship between these parameters. £. The stromatal 
area per ca.nke.r versus the diameter of sprouts at breast 
height squared, demonstrating a linear relationship between 
these parameters. Q. Theoretically simulated rates of spore 
format~on per lesion versus age of the lesion. The rate of 
s~~fe formation was equal to 
E1• 0 A{tn-j )(_y(tj+l)-y(tj}/(y(tn-_p )-y(tn-j)-i) ], using four 
fanctions for A (t), the rate ot- spore formation per canker, 
given below. It is assumed that sporulation is proportional 
to stromatal area. p and i are the latent and infectious 
periods, which have values of 0.2 years {see text, p 229) 
and 2 .. 0 years (see tex.t, p 2 45) , respectively.. The time 
unit, t, for chestnut blight epide~ics is years. This is 
the discrete analogu€ of the topmost equation in the f iqure. 
The integro-differential equation in the figu.re is Equation 
1 from the text (p 206).. Foe all curves, A(t)=O for O~t<p 
and for t~p+i.. For p~t<p+i, A (t) equaled: a) 1. O; b) 
( 7r/ (2i) ]sin[ 18.0 (t-p) /i]; c) {2/i2) (t-p).; d) ( 3/i 3) (t-p) 2. 
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with a zero intercept and a zero first order term (Pig. 

20AJ .. This conclusion was reac.hed using ordinary least 

squares reg.ression after examining the significance of the 

regression coefficients in various models, coefficients of 

determination, F-tests for significance of regression, and 

residuals (14)... Additionally, the increase with time of the 

.length and width 0£ regions with stromata was fit (p<0.001) 

by a first-order model (.lengt.h or width = bt) ; the 

coefficients of quadratic terms (t2) and the intercepts were 

.not significantly different (p.>O. 05) fro.m zero. (Figure 20B 

shows t.he plot of length versus time.) A plot of mean dbh 

squared per plot versus stromatal hark area per stromatal 

canker (Fig. 20C) revealed a significant (p<0 .. 001) linear 

relationship between these parameters after comparison to 

regressions for dbh or dbh cubed versus stromatal area .. 

Since many of ·the can.ke:rs girdled the stems they were 

on, it is understandable that the observed width of regions 

with stromata was a linear function of dbh and thus time .. 

However, it is not immediately evident why the length of 

regions with stromata was dependent on sprout diameter. 

During measurements of canker lengt.hs for the studies of 

Chapter Three, it was observed that cankers which had 

encircled and killed sprouts could grow only downward, 

although there sometimes was a transitory spurt of extremely 

rapid increase in length at the time of encirclement. 
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Cankers located above other killing cankers stopped growing 

completely, and cankers at the base of sprouts did not 

extend below the soil line. 'Thus, after encirclement and 

killing, cankers added stro.mata only in a ring at the base 

of the canker, and length growth was reduced by half. 

Hence, sprou·t diameter limited the expansion of cankers in 

length as well as in width. Since sprout diameter increased 

.linearly with time (page 200) with a zero intercept, it is 

reasonable that stromatal bark area per stromatal canker 

appeared to be proportional to time squared (Fig. 20A) .. 

The data for the O-rr-old site (forested with 

po.letimber-sized trees) and 1-yr-old (clearcut) site and for 

sprouts less than 0 .. 8 cm dbh were incorporated into the 

model in the following manner. It was assumed that the 

stromatal bark area of stromatal cankers on forest-type 

sprouts 11as equal to the mean stromatal bark area for the 

forest plots at year 0 and 10% of the area at year 4. The 

103 figure was approximately 100% minus the 87% which 

clearcut•type sprouts ~ere observed to contribute to 

stromatal hark area at year 4. 'The stromatal bark area 

contributed .by forest-type sprouts had not been excluded 

from the regression of stromatal .bark area per stromatal 

canker on age in clearcuts 4 to 9 years old. However. 

sprouts unde.r 0.8 cm dbh were observed to have contributed 

10% of the total stromatal area at year 4, this contri.bution 
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declining to O.l% at year 9. It was thus desirable to model 

t.hese partially offsetti:ng contributions with a function 

which equaled the .mean area for the p oletimber plots at year 

O, 101 of the mean area at year 4, and which approached zero 

as time increased~ An exponential .function with a decay 

rate of -0.5 fulfilled these specifications. Thus area with 

stromata was set equal to 55 times the exponent of minus 0.5 

times age plus the function shown in Figure 20A [area = 

55exp (-0 .. St) + 4. 272t2 ], v.here 55 was the mean stromatal 

bark area per stromatal canker at the poletimber s.ite (on 

sprouts of all sizes). 'lo summarize, after clearcutting, 

mean st:romatal bark area per stromatal canker increased 

approximately proportinal to ·time squared .. 

~matal ~ rn !!er 11.!ot during disease progre_§s. 

It is understandable how the size of one set of cankers 

would depend on sprout diameter.. However, the dependence of 

the size of an expanding population of cankers on sprout 

diameter during an epidemic is more complex, being dependent 

on the age-structure of the populatio.n. In the appendix is 

a paper deriving an equation fo.r disease progress with 

age-dependent rates of lesion sporula·tion. The equation is 

reproduced here, in continuous form, as: 
t y•(t) = RAc[1-y(t)]{I(t.) +Jt0A(t-s)dy(s)}, (1) 

where y(t) is the incidence of lesions at time t; y• (t) the 

rate of c.hange o.f incidence at time t; RAC a proportionality 

constan·t; [ 1-y (t) ], the correction factor, the amount of 
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tissue available for infection; I(t) the initial inoculum 

remaining at time t; and A(t) a function describing the rate 

of sporulation per lesion at time t. The integral po.rt ion 

of Equation 1 describes the rate o.f spore formation in the 

population a·t time t dur.ing an .epidemic. Dividing this by 

the proportion of sporula ting lesions gives ·the mean rate of 

sporula·tion per sporu1ating lesio.o. Figure 20D shows 

theoretically si.mulated values of this rate under conditions 

approximating a chestnut blight epidemic, as detailed in t.he 

figure and caption, except that the form of . the curve, 

describing the rate of sporulation of a single lesion during 

lesion development, was assumed not to change during the 

epidemic .. Note that, between ·times 2 and 15 during the 

theoretically simulated the mean rate of 

sporulation per lesion did not change more than 75% (Fig. 

20D) .. Assumi.ng that changes in lesion area account for the 

age-dependent changes in the rate of sporu.lation of an 

individual lesion, F.igure 20D describes the mean sporulating 

area of sporulatin9 lesions. It then corresponds to the 

mean stromatal bark area per stromata.l canker depicted in 

Figure 20A. Note that the measured area 0£ Figure 20A 

changes almost 10003 between years 4 and 9. This 

demonstrates that the observed change in mean stromatal bar.It 

area per stromatal canke.r was not due to the form of growth 

in single can.kers, with those for.ms being constant during 

the epidemics; the obvious alternative is that the forms of 
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the curves describing mean stro.matal bark area per stromatal 

canker duri.ng the life of a canker changed during t.he 

epidemic: cankers initiated on large sprouts at 8 and 9 

years could become larger and sporulate longer than cankers 

initiated on sprouts at 4 or 5 years. To summarize, the 

increase in tree diameter after clearcutting appears to be 

the cause of the increase in mean stroma·tal bark area per 

stromatal canker. 

Number of stromatal cankers and number of sprouts with 

stromatal cankers. Figure 21 shows the number of sprouts 

with stromatal canke:rs plotted against the number of 

blighted sprouts. There apparently was a highly linear 

dependence of sprouts with stro.matal cankers on blighted 

sprouts; approximately 661 of the blighted sprouts had 

stro.matal cankers. on blighted sprouts without stromata, 

the bark had fallen off or was dried out such that Endothia 

stromata could not be discerned in the field. In the 

present study, stromata on fallen bark or desiccated 

stromata are considered to have finished sporulating.. While 

Heald and Strudhalter .found that stro.mata on :fallen bark 

(thick bark from relatively large trees) could still expel! 

ascospores (21), they thought that bark dried 3 months in 

boxes in the laboratory could not 

nature to resu~e expulsion (20). 

be revet long enough in 

Drying of thin bark on 

small sprouts in the sun in clearcuts probably would shorten 

the necessary desiccation period,. Heald and Strudhalter 
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Figure 11· Fitted (line) and observed (points) number 
of American chestnut trees blighted by .Endothia parasitics 
versus number of trees with stromata in 20x20 m plots at 
recently clearcut sites. The equation for the line is in 
the upper left corne.r.. A point is hidden at 14, 10 .. 
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Number with stromata • 0,663(number blighted) 
R2 • 0.949 

• 
• • • 

•• 
• 

• 
• 

5 10 15 20 25 
NUMBER SLIGHTED TREES 

• 

• 

• 

• • 

35 
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Table 25 
Mean, variance to mean ratio, and observed (0) and expected (E) frequencies under the 
Poisson distribution of number of stromatal cankers per American chestnut tree over 
0.8 cm in diameter at breast height in two 20x20 m plots per site at recently clear-
cut sites, excluding blighted trees with cankers lacking stromata. 

Number of cankers with 
Age stromata per tree 

Site of variance to 
site mean mean ratiol· 
yr 

LOBl 4 0 I 

0.256 0.97 

LOB2 4 0.266 1.23 

0.171 1.54 z 

SR 4 0.042 0.97 

0 I 

SM 4 0.111 0.91 

o.214 0.80 

HRl 5 0.354 0.66 

0.229 0.79 

HR2 5 0.302 0. 71 

0.171 1.00 

AT3 6 0.444 0. 75 

0.459 1.04 

BBl 7 0.604 1. 32 

0.872 1.03 

PBl 8 0.650 1.02 

1.565 1.33 

PB2 8 0.552 0.90 

0.556 0.74 

CCl 9 2.941 2.10 zz 

1.345 o. 71 

CC2 9 1.100 1.65 z 

1.591 0.82 

0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 
0 
E 

Stromatal cankers per tree 
0 

17 
I 

30 
30 .2 
75 
72.0 
31 
29.5 
68 
68.1 
11 

I 
40 
40.3 
55 
56.5 
31 
33.7 
27 
27 .9 
30 
31.8 
34 
34.6 
16 
17.3 
23 
23.4 
28 
26.2 
20 
20.l 
10 
10.4 

9 
4.8 

19 
19.4 
14 
15.5 

1 
0.9 
3 
7.0 

12 
10.0 

3 
4.4 

1 

8 
7.7 

13 
19.2 

2 
5.1 
3 
2.9 

5 
[,. 7 

15 
12.1 
17 
11.9 

8 
7.1 

13 
9.6 
7 

6.4 
10 

7.7 
12 
10.7 
14 
15.9 
16 
17 .1 
8 
6.8 
1 
7.5 

10 
9.7 

11 
8.6 
6 
2.6 

19 
9.7 

11 
11.0 

9 
7.1 

2 

1 
1.1 
6 
2.8 
2 
0.6 

1.4 

2.4 

1 

1 
2.0 
1 
2.8 
4 
4.8 
9 
7.3 
1 
2.2 
6 
5.9 
3 
2.9 
2 
2.9 
3 
7.7 
2 
6.7 
J 
6.0 
6 
5.7 

3 4 

1 

1 1 
1.1 
1 1 
2.5 
1 
0.6 
5 2 
3.1 1. 7 

5 6 

1 2 1 0 
5.8 

4 1 
3.1 1.3 
1 2 1 
2.2 0.8 
2 2 
4.8 

7 

* 
>0.5 

>0.01 

>0.1 

* 
* 
* 

>0.1 

>0.025 

* 
>0.5 

* 
>0.1 

>0.5 

>0.5 

>0.5 

>0.5 

>0.005 

>0.5 

>O .1 

2 1 >O .025 

>0.005 

>0.025 

>0.5 

1. Ratios marked with z's are significantly (one z signifies p<0.05, two, p<0.01) 
greater than one by a chi-square test. 

2. Probability by a chi-square test that observed frequencies do not fit values 
expected under a Poisson distribution. Frequencies were combined when the 
expected frequencies less than 5 exceeded 20% of the total and when they were 
less than 1. 

* !here were less than 3 cells wi:h more than 1 expected canker, so a goodness 
of fit test could not be performed. 
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(21) also found that stromata are not active more than about 

2 years on live and dead trees. 

The number of stromatal cankers per sprout, excluding 

.blighted sprouts with cankers lacking stromata, appeared to 

be distributed as a Poisson varia·te, with the mean being the 

number of stromatal cankers divided by the number of 

unblighted sprouts plus the number of sprouts with stromatal 

cankers (Table 25).. This indicates that stromatal cankers 

were located on sprouts in a random pattern. The negative 

binomial distribution {indicative of a nonrando.m pattern) 

also fit the data on most plots to which it could be fitted 

(those with variance to mean ratio greater than one). 

However, the variance to mean ratio was .not significantly 

different (p>0.05) from one at 21 of the 24 sites (Table 

25), strongly indicating that s·tromatal cankers liere 

distributed as a Poisson variate.. In addition, I analysed 

MacDonald and Dou.ble's (25) data for number of cankers on 

living but blighted sprouts; their data also fit the Poisson 

and negative binomial distributions, and the variance to 

mean ratios were not significantly (p>0.05) greater than 

one. When the Poisson distribution did not fit cankers per 

sprout for one of the sites in Table 25, neither did the 

negative binomial distribution. 

new sprouts close to 0.8 c.m 

cankers ske111ed the distribution. 

In these cases, cankers on 

dbh or new sprouts without 

The Poisson distribution 
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still fit when plots were pooled within sites and within 

years. as long as it fi·t the pattern for the individual 

plots, and sometimes even when it did not.. Some variances 

were less than one. which is a strong indication that 

cankers per sprout was not distributed as a negative 

binomial. Guldberg's statistic (Ref. 23, p 43) was within 

0 .. 25 units of 1, wben the nu.mber of sprouts in each of the 

two c.lasses used to calculate the statistic exceeded 9 and 

when the variance to mean ratio was less than 1.25. This 

indicates that the number of cankers per sprout followed the 

binomial, Poisson, or negative .binomial distribution. on 
blighted sprouts without stromata. the number of cankers 

could not be counted readily because the bark .had dried or 

had fallen of.f, in whole or in part. [There were very fev 

(less than ten) cankers which had not begun to bear eru.mpent 

stromata .. ] For this reason, I could not examine the pattern 

of the number of cankers on blighted sprouts (including 

sprouts :which had lost their stromata). 

Assuming a Poisson distribution of number of stromatal 

cankers per sprout, that nu.mber can be estimated from the 

incidence by the multiple infection correction (17) as: 

C = (S+U)ln{1/f1-S/(S+U)]} (2) 

where C is the number of cankers with stromata per plot, s 
is the number of sprouts with stromata per plot and U is the 

number of unblig.hted sprouts per plot. Since the Poisson 
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distribution commonly fit the observed frequencies, 

estimates obtained using Equation 2 commonly are not 

.inaccurate,. Dividing Equation 2 by the total number of 

sprouts gives, on t.be left, the disease incidence for 

stro.matal cankers (proportion of stroma tal cankers per 

sprout). The mean severity for stromatal cankers equals 

this incidence multiplied by the mean area per lesion and 

divided by bark surface area at time t. The pr:oportion of 

sprouts with stromata is equal to the incidence of blighted 

sprouts per sprout .multiplied by 0.663, by the relation of 

Figure 21,. Multiplying this by the total number of sprouts 

gives s. Letting b = 0.663, Equation 2 can be expressed in 

terms of incidence of blighted sprouts .Per sprout, x (t), and 

incidence of stromatal cankers per sprout, ys(t), as: 

ys (t) : [bx {t) + 1-x (t) Jln {1/[ 1- (bx (t) /(bx (t) +l-x (t))) ]} • (3) 

To summarize: there are more cankers per sprout as incidence 

increases; the pattern of cankers per sprout appears to be 

random; and it can be described .by the Poisson distribution. 

Effect of spro_y:!. clusters .Q1! _Erobabilitv of i:n..fection. 

The effect of clustering of sprouts on the probability of 

infection was tested in three ways.. [It was not possible to 

compa..c:e values of Lloyd's index of patchiness between years 

to detect non-random removal of sprouts (30); the mean 

number of uninfected sprouts per stump did not vary enough 

among years (range 0.21-3.14) in comparison to within years 
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(range 1 .• 42 to· 3.14). Likewise, it was not possible to use 

Lloyd•s index to detect non-ra:ndom addition of cankers, 

because it was not possible to count cankers without 

s·tromata (page 208).] First,. the blight incidence per sprout 

in stmups with single sprouts was compared to t.hat for 

sprouts in clusters; when incidences for the 9-yr-old sites 

were omitted, incidence was significantly (p<0.05) higher i.n 

clusters, but in most individual plots, ·the difference vas 

not significant (p>O. 05) (Ta.ble 26). omitting the 9-yr-old 

sites was justified because numerous 1-yr-old sprouts larger 

than O. 8 cm db.h arose at them from blight-killed stumps 

(page 200 and Table 24). This decreasd incidence in 

clusters, since it was approaching 1.0.. Second, at sites of 

different ages, t.he incidence per sprou·t was co.mpared among 

stumps with different numbers of sprouts; .in most cases, 

there were no significant (p>0.05) differences among stumps 

(Table 27) •. · "third, the goodness of fit was tested of the 

observed frequencies of numbers of infected sprouts per 

clump (within clumps. with ·the same number of sprouts) to 

those expected under a .binomial distribution; for each year, 

the observed frequencies did not depart signif ican·tly 

(p>O. 05) from ·the expected frequencies (Table 28) • However, 

at each of the sites 7 years old or younger, the·re were 

several (1-6) clusters with all sprouts blighted whereas 

f ewe:r were expected under a .binomial distribution. Thus it 
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Table 26 

Fraction (and percent incidence) of blighted American 
chestnut sprouts (over 0.8 cm in diameter at breast height) 
on stumps with one or more than one sprout per stump in each 
of two 20x20 m plots per site at recently clearcut sites. 

More than 
Age of One sprout one sprout 

Site site per stumpl. per stump 

yr· 
GMl 1 2/15 (13) 3/17 (18) 

2/15 (13) 9/39 (23) 
LO Bl 4 0/8 (O) 2/11 (22) 

1/11 (9) 9/29 (31) 
LOB2 4 3/16 (19) 27/89 (30) 

0/3 (0) 8/36 (22) 
SR 4 0/2 (O) 9/76 (12) 

0/5 (O) 1/7 (14) 
SM 4 1/7 (14) 4/38 (11) 

1/7 (14) 18/67 (24) 

HRl 5 2/13 (15) 20/40 (50) 
1/6 (17) 10/32 (31) 

HR2 5 6/12 (50) 24/48 (SO) 
3/4 (75) 25/53 (4 7) 

AT3 6 3/6 (50) 11/24 (46) 
5/12 (42) 14/30 (4 7) 

BBl 7 3/6 (50) 23/48 (48) 
3/7 (43) 31/47 (66) 

PBl 8 2/2 (100) 12/22 (55) 
0/2 (0) 24/31 (77) 

PB2 8 4/11 (36) 24/36 (6 7) 
1/3 (33) 18/30 (60) 

CCl 9 2/2 (100) 17/18 (94) 
5/5 (100) 23/26 (88) 

CC2 9 5/7 (71) 20/30 (6 7) 
7 /7 (100) 20/23 (87) 

1. There were no significant (p>0.05) differences between 
stump types by an F-test, after two-way analysis of 
variance (equivalent to a paired t-test), but there were 
significant (p<0.025) differences by an F-test when the 
9-yr-old site was omitted. The interaction terms for the 
two-way analysis were not significant (p>0.7). The 
arcsine of the square root of incidence was used for 
analysis in order to equalize variances. 



Table 27 

Fraction (and percent incidence) of blighted American chestnut sprouts ~ver 0.8 cm in diameter at breast height) 
per stump in stumps with different numbers of sprouts at clearcut sites of different ages (two 20x20 m plots per site). 

Four Two One One Two Two Number of 
sprouts 
per stump 4-yr-old sites1 · 5-yr-old sites 2 · 6-yr-old sites2 · 7-yr-old sites2 · 8-yr-old sitesl· 9-yr-old sites2. 

% % % % % % 

1 6/56 (11) 12/ 35 (34) 8/18 (44) 6/13 (46) 7/19 (37) 19/21 (90) 
2 11/62 (18) 11/26 (42) 8/16 (50) 11/20 (55) 10/12 (83) 23/26 (88) 
3 16/78 (21) 14/27 (52) 7/18 (39) 10/21 (48) 20/27 (74) 22/30 (73) 
4 9/44 (20) 17/40 (4 3) 5/12 (42) 5/16 (31) 18/28 (64) 9/12 (75) 

5 22/50 (44) 8/15 (53) 1/5 (20) 1/5 (20) 9/10 (90) 
6 5/ 36 (14) 3/12 (2 5) 8/12 (67) 11/12 (92) 
7 2/21 (10) 7/14 (50) 10/14 ( 71) 6/7 (86) 
8 8/ 32 (25) 5/8 (63) 5/8 (63) 11/16 (75) 

9 1/9 (11) 4/9 (44) 9/9 (100) 4/9 (44) 
10 5/10 (50) 8/10 (80) 4/10 (40) 
11 4/22 (18) 
12 7/12 (58) 

]. 
The incidence of blighted sprouts was not independent by a G-test (p>0.05) of the number of sprouts per cluster. 
However, at the 4-yr-old sites, when the observations for clusters with five sprouts was omitted, incidence was 
independent by a G-test (pc0.05) of sprouts per cluster. 

2. The incidence of blighted sprouts was independent by a G-test (p<0.05) of the number of blighted sprouts per 
cluster. 

I 
N 
I-' ....... 
I 



Table 28 

Observed frequencies of number of blighted American chestnut sprouts (over 0.8 cm in diameter at breast height) in stumps with various 
numbers of sprouts per stump for clearcut sites of different ages (two 20x20 m plots per site), and frequencies expec.ted under a binomial 
distribution (when the number of observations exceeded four). 

Number 
and age 
of 
sites 

Four 
4-yr-old 

Observed (0) and expected (E) frequencies for the binomial distribution of number of 
blighted sprouts in stumps' with from one to ff ve sprouts per stump1 . 

Stumps with 

1 2 3 4 5 
sprout sprouts sprouts sprouts sprouts 

0 1 0 1 2 0 1 2 3 0 1 2 3 4 0 1 2 3 4 

0 52 6 21 9 1 16 6 2 2 6 3 1 0 1 2 1 2 3 2 

5 

0 
E * * 21.0 9.0 1.0 13.1 10.1 2.6 0.2 4.4 4.5 1.8 0.3 o.o 0.5 2.2 3.4 2.7 1.0 0.2 

Number of blighted sprouts over 
number of sprouts per stump for 
individual stumps with more 

pl. than five sprouts 

>.5 0/6 0/6 0/6 0/6 2/6 3/6 0/7 0/7 
2/7 0/8 0/8 3/8 5/8 1/9 0/11 4/1 1 

I 
Two 0 23 12 6 3 4 2 2 3 2 
5-yr-old r. 19.5 15.5 4.1 6.4 2.5 1.6 3.7 2.9 0.8 

2 0 7 1 0 0 
1.0 3.1 3.6 1.9 0.4 

1 0 1 1 0 >.5 1/6 3/6 J/7 4/7 5/8 l,/9 5/10 7/1 2 N ...... 
00 
I 

One 0 10 8 3 2 3 2 l 3 0 0 2 0 1 0 0 0 0 0 0 0 >.5 5/8 
6-yr-old E 9.3 8.7 2.1 4.0 l.9 0.8 2.3 2.2 0.7 0.2 0.8 1.1 o. 7 0.2 

One 0 7 6 3 3 4 1 2 " 0 2 0 1 1 0 0 1 0 0 0 0 >.5 4/7 6/7 9/9 8/10 
7-yr-old E 5.7 7.3 2.0 5.0 ].0 1.0 2.7 2.5 0.8 0.9 1.7 ~.l -0. 3 0.0 

Two 0 11 7 1 0 5 0 1 5 3 0 2 1 2 2 0 0 0 0 0 1 >.l 2/6 6/6 5/8 6/8 l,/9 4/10 
8-yr-old E * * 0.2 1. 7 4.1 0.2 1.3 3.8 3. 7 0.1 0.8 2.2 2.71.2 

Two 0 2 19 1 1 11 0 2 4 4 0 0 1 1 1 0 0 0 0 l 1 >.l 5/6 6/6 6/7 
9-yr-old E 3.4 17 .6 0.3 3.5 9.2 0.0 0.7 3.4 5.9 0.0 0.1 0.3 1.1 1.5 

*There are no degrees of freedom because the probabilities were estimated separately for each set of stumps. 
1 ·Prohahility by a chi-square test that the observed frequencies do not fit frequencies expected u.1der a binomial distribution. At the 4-

and 8-yr-old sites, the incidences of blighted sprouts in stumps with different numbers of sprouts were significantly (p<0.05) different by 
a G-test, so the probabilities for the binomial distribution were estimated separately for stump of each size, but at the other sites, the 
probability was estimated only once, from the overall incidence. For each site age, the chi,-square statistics calculated for the stumps 
of different sizes were summed to test for significant lack of fit; the deprees of freedom for the test were equal to the total momber of 
cells minus one minus the number of probabilities estimated from the data. Frequencies were combined when the expected frequencies less 
than 5 exceeded 20% of the total when they were less than 1. 
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is possible that infection of a sprout in a cluster does 

increase the probability of infection for other sprouts in 

the cluster, as was suggested by the finding that incidence 

was slightly higher in clusters· than single sprouts (Table 

26).. However, detecting the increased probability by the 

methods of Table 28 would reguire large sample sizes. 

Resprouting of stumps with blight-killed sprouts also 

would increase blight incidence (for sprouts over 0.8 cm 

dbh) in clusters compared to single sprouts (except when 

incidence approaches 1.0). But the ages of sprouts over 0.8 

cm d.bh (Table 24) indicate that th.is was not the primary 

cause of the higher incidence in clusters prior to year 9. 

It also is conceivable that higher blight .incidence occurred 

in clusters because sprouts in clusters are more prone to 

infection than are single sprouts. This hypothesis was 

rejected when it was found by a G-test that incidence was 

not significantly {p>0.05) higher in clusters than in single 

sprouts, after stumps having blight-killed sprouts with no 

stromata were excluded from the count. 

infection of sprouts in 

modeled in order to 

The increase in probability of 

clusters with blighted sprouts was 

assess its effect on the pattern of 

This modeling is described in detail 

cankers per sprout. 

because it may be 

helpful to stud.ies of the mode of spread of hypovirulence in 

Europe. ~he expected proba:bility of .finding some number (n) 

of in£ected sprouts per stump (pn) for clusters of the same 
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size was considered to be equal to the fol.lowing: the 

appropriate term f.rom the binomial distrib11tion (with 

associated probability, pb) minus the conditional 

probabilities o.f that number of infected sprouts infecting 

additional sprouts within the cluster; plus the conditional 

proba.bilities of that number of sprouts becoming i.nfected 

when fewer numbers of sprouts with~n the cluster were 

infected. For instance, in cluster with five sprouts, the 

expected probabi.li·ty of finding four sprouts infected (p4) 

was p4 = 5pb• {1-pb) + p (4/1) +p (4/2) +p (!J/3) - p (5/4), where 

pb is the probability associated with the binomial 

distribution, p (4/ 1) the conditional probability of four 

sprouts becoming infected when one was infected, p(4/2) the 

conditional probability of four sprouts becoming infected 

when two were infected, etc .. For this crude model, I 

ignored second and higher order effec·ts, such as the 

probability of four sprouts becoming infected when two have 

become in.fected after one was infected (p(4/(2/1))). 

The conditional probabilities were expressed in terms 

of the fundamental conditional probability, p(2/1) .. For 

example, the expression for p4 became p4 = 5pb•(1-pb) + 

p (2/1) 3 + [ 2p (2/1) ]2 + 3p (2/1) - 4p (2/1). The expression 

for the overal.1 probability of infection of sprouts in 

clusters 0£ a certain size {pov) was then obtained from the 

expected probabilities of finding n infected sprouts in 
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clusters of a certain size. For instance, in clusters with 

five sprouts, pov vas expressed as pov = 1/S(p1 + 2p2 + 3p3 

+ 4p4 + 5p5) .. Expressing this in terms of pb and p(2/1): 

pov = pb+1/5[ 1 Op (2/1) +28p (2/1) 2+27p (2/1) a+4p (2/1) 4 ]. (4) 

p(2/1) could be obtained by solving these eguations when pov 

and pb were known.. pov was estimated from the observed 

incidence of blight per sprout in clusters of similar size. 

ph was estimated from the observed fraction of clusters 

lacking blighted sprouts, using the equation for pO; for 

instance, in clusters with :five sprouts, t.he fraction of 

clusters with blight equaled (1-pb)s. 

At t.he 4-yr-old sites, p(2/1) had values of 0.001, 

0.075, and 0.040 for clusters with two, three, and four 

sprouts respectively. At the 5-yr-old sites, p(2/1) had 

values of 0.204, 0.115, and 0.044 for clusters with two 

three, and four sprouts, respectively. At the 6-yr-old 

site, p(2/1) had values of 0.225 and 0.078 for clusters with 

two and three sprouts, respectively. For clusters with two 

sprouts, p(2/1) had values of 0.195, 0 .. 483, and 0.324 at the 

7-, 8-, and 9-:yr-old sites respectively. Using the blight 

incidence in stumps with one sprout to obtain an independent 

estimate of pb common to all stumps, estimates of p(2/1) for 

clusters with two sprouts were obtained. These were 0.148, 

0~160, -0.112, 0.177, 0.929, and -0.040 for the sites aged 

4 to 9 years old, respectively. These are rough estimates 
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of the increased risk of blight to uninfected sprouts in 

clusters when another sprout becomes blighted, because the 

degrees of freedom are quite low and because the model is 

crude. But it appears that p(2/1) did not greatly exceed 

0.2 at sites 4 to 7 years old, and this value was used to 

assess the effect of clustering on the pattern of cankers 

per sprout. 

With p{.2/1) equal to 0.2, values o.f pov were calculated 

using, £or example, Equation 4 for clusters w.i th five 

sprouts, and the appropriate equations for clusters with 

other uu.mbers of sprouts. For the clearcuts aged 4 ·to 8 

years old, pb was set egual to the incidence per sprout in 

clusters with one sprout, and p(.2/1) set equal to 0.2.. For 

clusters with up to five sprouts, the calculated values of 

pov were transformed to mean cankers per sprout with 

Gregory's (17) multiple infection correction. The latter 

mean was used to obtain the expected frequencies of cankers 

per sprou·t expected under the Poisson distribution. For 

stumps of each size, the frequencies of cankers per sprout 

were multiplied by the observed mean frequency of coppice 

sprout clusters with the appropriate number of sprouts 

(Tab.le 29). The frequencies then -were summed to obtain the 

overall frequency o.f cankers per sprout. The mean and 

variance of the numbe.r of cankers per sprout was calculated, 

and the mean was used to calculate the frequencies expected 

under the Poisson distribution .. 
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Table 29 

Observed frequencies and percentages of number of American chestnut sprouts ~ver 
0.8 cm in diameter at breast height) per stump, for clearcut sites of different 
ages (two 20x20 m plots per site). 

Sprouts per stump 
Number and 
age of sites 1 2 3 4 5 6 7 and more 

% % % % % % % 
Four 4-yr-old 58(38.2) 31(20.4) 26(17.1) 11(7 .2) 10(6.6) 6(3.9) 10(6.6) 
Two 5-yr-old 35(44.9) 13(16.7) 9(11.5) 10(12.8) 3(3.8) 2(2.6) 6 ( 7. 7) 
One 6-yr-old 18(50.0) 8(22.2) 6(16. 7) 3(8.3) 0(0.0) 0(0.0) 1(2.8) 
One 7-yr-old 13(33.3) 10(25.6) 7(17.7) ,4(10.3) 1(2.6) 0(0.0) 4(10.3) 
Two 8-yr-old 18 (38. 3) 6(12.8) 9(19.1) 7(14.9) 1(2.1) 2(4.3) 4(8.5) 
Two 9-yr-old 21(40.4) 13(25.0) 10(19.2) 3(5.8) 2(3.8) 2(3.8) 1(1.9) 

Total 163(40. 3) 81(20.0) 67(16.6) 38(9 .4) 17(4.2) 12(3.0) 26(6.4) 
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The variance to mean ra·tios of can.leers per sprout. 

calculated as described above ·were less than 1. 2 when the 

assumed number of cankers was less than 100 (equivalen·t to 

plo·t s.i2es of a.bout 0.1 hectare). When it was 1000 

(equivalent to plot sizes of 1 hectare) the variance ·to mean 

ratios at the 6- and 7-yr-old sites increased ·to less than 

1.4, but the variance to mea.n ratios at the 4-, 5-, and 

8-yr-old sites remained less than 1.2. At the 4-,5-, and 

8-yr-old sites, pb equaled 0.11, O.J4, and 0.39, 

respectively; at the 6- and 7-yr-old sites, it equaled 0.56 

and O. 46, respectively. There was a significant lack of fi·t 

of the frequencies calculated as described above to 

frequencies expected under the Poisson distribution when ·the 

variance to mean ratio increased above 1-~ (p<0.005), but 

not when it remained less than 1.~ (p>O.O~. 

The distribution of cankers per sprout vas not 

calculated for the 9-yr-old sites and for clusters with f.ive 

or more spro.uts because pov exceeded 1.0, which is 

impossible. This occurred because there was no term 

limiting incidence to values less than 1, [such as the 

correction factor, 1-x, used by Van der .Plank {38) ]. If 

there had been, the values of pov calculated wit.h a given pb 

and p(2/1l would have .been lower. Thus the degree of 

aggregation in the calculated frequencies 

sprout would have been lessened, since most 

of cankers per 

(>8 03) of the 
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sprouts were accounted for by clusters with less than five 

sprouts (Table 29). It may be concluded that the inc.rease 

in p.robability 0£ infection of unb.li9hted sprouts in a 

cluster with blighted sprouts does not have a large effect 

on the pattern of cankers per sprout, given that cankers per 

sprout within clusters are distributed as a Poisson variate. 

This, of course, was expected since the pattern of stromatal 

cankers per sprout could be explained by the Poisson 

distribution (Table 25). 

Modeling blight progre§§. The logistic equation .for 

incidence on a per sp.rout basis did not fit adequately the 

observed disease progress curve at clearcuts because it 

could not pass through the observed blight incidences per 

sprout at years 1 and 4 and still pass through the 

incidences observed in subsequent years (Figs. 22A and 23) .. 

For these calculations, the incidence of blighted sprouts at 

the poletimher site (JCA) was excluded, because it was 

thought to be ske-wed upward by the presence of sprouts 

bligl1ted long before measurement, because this poletimber 

site is not a clearcut, and because new sprouts formed 

immediately after cutting decrease incidence.. However, the 

data po in ts .for the poletim.ber plots are shown i.n Figure 22 

at year 0.. When tbe equation describing stromatal a.rea per 

canker during disease progress (shown in Pig. 20A) was 

included as a multiple to the logistic equation, the fit was 
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quite acceptable (Fig. 22A). However, in order to develop a 

biologically realistic basis for simulating blight progress 

at clearcuts, a more realistic model was sought. 

The :following equation is thought to incorporate all 

known facts about bligh't .Progress at clearcu·ts: 

y • (t) = rf (t) ys (t)[ 1-x (t-d} ], (5) 

where t is age after c1earcutting, y• (t) is the rate of 

increase in incidence of cankers per sprout, r is a rate of 

disease progress, f (t) describes mean stromatal bark area 

per stromatal canker during the epidemic, ys(t) is the 

:incidence of stromatal cankers per sprout, and [ 1...;x (t-d) ], a 

correctio.n factor, is the proportion of sprouts available to 

be infected, with d being the time requred :for a canker to 

kill a sprout.. . The rate of increase in .incidence of cankers 

per sp.rou·t was chosen as the primary rate because it (as 

opposed to the ra·tes for incide.n.ce of blighted sprouts per 

sprout or for severity) should be proportional to the number 

of spores present,. . T.he number of spores present should be 

proportional ·to f (t} ys (t) , especially over the long time 

periods involved (in the absence of data, the rate of 

sporulation of an individual stroma over the life of the 

stroma is assumed to be constant). The rate also is limited 

by the proportion o.f uninfected sp.routs as time t-d (rather 

than the proportion of uncanke.red surface on sprouts) 

because the death of infected sprouts above can.kers at d 
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years after infection removed large amounts of uninfected 

tissue from availability for infection, before the amount of 

uninfected tissue could become limiting. 

The following is a rough calculation of blight severity 

at year 9 {the CC1 and CC2 sites) .for sprouts over 0.8 cm 

dbh, justifying use of the proportion of unblighted sprouts 

as the correction factor [ 1-x {t-d) ]. At the 9-yr-old sites 

there was a mean of 14,800 cm2. of cankered surface with 

stromata per plot. There was a mean number of sprouts per 

plot of 29.5; these had a mean blight incidence per sprout 

of 86%. Using the relation of Figure 21, 29% of the sprouts 

had finished sporulating. Letting these sprouts have a mean 

of 1.5 cankers each with a mean area of 400 cm2 gives 5100 

cm2 of additional cankered surface, for a total of 20,000 

cm2 cankered surface~ The sprouts averaged 3.86 cm dbh. 

Zon•s table (p 23, 42) comparing chestnut height and 

diameter indicates a height of 300 cm fo.r such sprouts. 

Assuming an average diameter from top to bottom of 1.9 cm, 

there were 54,000 cm2 of bark on the main bole alone, giving 

a maximum severity of 373 in year 9 •. This is smaller than 

the incidence of 62% of sprouts diseased at year 8 or the 

56% at year 7. Thus, basing the correction factor on 

proportion of uninfected tissue rather than on proportion of 

unbl.ighted trees would have led to serious over estimation 

of the tissue available for infection 
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Since the number of cankers 

could no·t he observed readily (the 

without active stromata 

bark had fallen off or 

was long dead) , Equa·tion 5 had to be expressed in terms of 

incidence of diseased spron·ts per sprout. Differe.ntiating 

Equation 3 with respect to time yields, b:y the chain rule: 

ys• (t) = x• (t) dys (t) /dx (t). (6) 

The incidence of sporulating (=stromatal) cankers per 

sp.rout, ys (t), also equals the incidence of kers per sprout 

w.hich .have started sporulating, y (t-p), after a latent 

period, p, 

which have 

additional 

minus the incidence of can cankers per sprout 

finished sporulating, y(t-p-i), after an 

infectious period, i. Differentiating this 

yields a connection between E~ruations .5 and 6: 

ys• (t) = y• (t-p)-y' (t-p-i). (7) 

Equating Equations 6 and 7, one can solve for y'(t-p), 

equate this to Equation 5 evaluated at (t-p), and solve for 

x • (t) to yield: 

x • (t) = ( dys {t) /dx (t) J-1 {rf (t-p) ys (t-p) [ 1-x (t-p-d) ] 

-y• (t-p-i)}. (8) 

The rig.ht side of Equation 5 evaluated at t-p-i may be 

substituted for y• (t-p-i) in Equation 8 •. · 

After changing variables, letting u = 

[ 1-Bx ("t) ]/[ 1-x (t) ] and B = 1-b, in order to simplify 

Equa·tion 3, Equation 8 was solved numerically a:nd fit to the 

incidence data by a minimum chi-square technique (4, 5). 
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For these initial studies, d vas set equal to 1 year since 

it had been observed d11ring numerous pathogenicity tests at 

4- to 9-yr-old clearcuts that many sprouts were killed 

approxima,tely 1 year a.fter inoculation. A killed sprout can 

not be .infected. The latent period, p, was set equal to 0.2 

years, in general accord with reports that the latent period 

between artificial inoculation and ascospore production 

varies between 2 and 4 months {2). [There are early 

reports, summarized by Steve.ns (35) of latent periods for 

ascospore production of up to 1 year. However, these 

reports are for cankers caused by artificial inoculum, 

apparently with only one isolate of J. parasitica. There is 

no mention in these reports that natural cankers existed at 

the inoculation sites. Therefore, knowing that ]. 

earasiticfa! is primarily heterothallic ( 1), it is not 

unexpected that long latent periods occurred during the 

early experiments.] x(t-p-i) was calculated as (1-b)x(t) by 

the linear relation between sprouts with stromata and 

blighted sprouts of Figure 21. t-p-i could then be obtained 

as the value of time yielding x(t-p-i). 

assumed to equal zero until ( 1-b) x (t) 

x (to) .. 

x (t-p-i) was 

was greater than 

.Figure 22B shows the result of fitting Equation 8 to 

the observed disease progress data for clearcuts. When p, 

the .latent period, was set egual to 0 instead of 0 .. 2 years, 
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"F:igu.re 22.. Equations for disease progress fitted 
(lines) to an observed (points) progress cu.eve for blight 
incidence pe.r sprout on American chestnut at recently 
clearcut sites (years 1-10). Disease incidence is expressed 
as the proportion of plants with blight symptoms. The 
points at year 0 were values of blight incidence observed at 
a poletimber area~ 'Ihese were not used in fitting the 
curves. Overlapping points at a year have been shifted to 
the right or left for clarity.. !· Fitted curv.es .for the 
logistic egua·tion (for incidence per sprout) alone and for 
the logistic e,guation multiplied by a function,, f (t), 
describing stromatal a.rea per stromatal canker {see .Fig. 
IXA). These curves were fitted from the differential 
equations. When the integrated forms of the equations were 
.linearized and fit by ordinary least squares regression, r1 
and r2 were 0.51 and 0.0033, ana the x{O) were 0.04 and 
0 .. 178, respectively.. The coefficie.nts of determination, .B2, 
vere 0.73 and 0.81, respectivelJ. Jt:l! .. Fitted curves fo.r 
Equation 8 0£ the text, which is reproduced in the figures. 
!! shows fitted values for.Equation 8. f shows fitted values 
for Equation 8 and Equation 8 without the function, f{t), 
describing stromatal area per str,omatal canker. Q shows 
fitted values o.f :Equation 8 with the delay term, d, in the 
correction factor equal to 0 and 1 years. 
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C! C! 
~'(t)• r 1x(t)(l-<{t)) • -- y' (t)}• r 3f(r-p)yo(t) U-x(t-1)) • (solved for 
~x' (t) • r 2i(t)x(t)9l-x(t)) .'(t)) -

GI f (t) • 55.-0.St+4.27' 2 G) ys(t) • (l+(b-)x( r)ln(l+(~=!~~St)) 
0 r 1 • 0.513 x(l)•0.058 ci ye' (t) • x' (t)dys(t)/dx(t) 

r 2 • 0.00291 x(l)•0.178 • y' (t-p) - y' (t-p-i) 

b • 0,663 f(t) as in A • 
co UJ~ r 3 • 0.00390 x(l) • 0,164 w· uo ~o p • 0.2 z 

~ ·- ~ • 
u ... ~"': z. -o ;;;o 

N "! 
0 0 ... ·-A 0 8 

4 6 a 10 9i 2 4 6 a 10 YEARS YEARS 

C! C! 
• • ---,' (t) • r 4£(t)ys(t) (1-x(t-l)) (sotved for ---y'(t) • r 3£(t-p)ys(t)(l-x(t-l)) (solved for ---"'"NYY' (t) • r 5ys(t)(l-x(t-l)) x' (t)) -y'(t) • r 0f(t-p)ys(r)(l-x(t)) x'(t)) 

CD ys(t) and y(t) as in B (p•O) Cl! ys(t) and y(t) as in B 

0 f(t) as in A 0 f(t) ao in A 

r 4 • 0.00329 x(l)•0.170 r J • 0.00390 x(l)•l.64 

rs. 0.570 x(l)•0.048 • r 6 • 0.00527 x(l)•0.138 ·-co wCI! 
p • 0.2 

w· 
"i.o uo z w • UJ ·-0 c -u ... ~"': z. -o -o 

N "! 
0 0 ... • D c 0 

4 6 a 10 9i 4 6 a 10 
YEARS YEARS 
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Figure 23. Log,its {ln{ x/ ( 1-x) ], w.here x is incidence} 
of blight incidence per American chestnut sp.r:out versus 
years after clearcutting.. The points are values of observed 
blight inc.idence, and the 1.ine is ·the i.ncidence predicted by 
the integrated form of the logistic equation [dx/dt= 
rx(1-x)].. The slope and intercept for the logistic were 
estimated by ordinary least squares regression of blight 
incidence on age of clearcut. Overlapping points at a year 
have been shifted to the right or left for clarity. 



x ln:--1 = rt -x 

r = 0. 51 

x(O) = U.04 
R2 = 0.73 
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.r was 0.00338 per year; r was 0.00463 per year when p 

equaled 0.4 years. The fitted curves generated by Equation 

8 with these variations in p were identical to the curve 

shown in Figure 22B, execpt for slight (1-2%) variations at 

the·y-intercept. 

Figure 22C shows the solution of Equation 8 compared to 

.its so.lutio.n when the function for stromatal area was 

omitted, y' (t-p-i) 

zero. [If y' (t-p-i) 

was equal to zero, and p was equal to 

were not zero, incidence oscillated. 

y•(t-p-i) had no effect on disease progress under the 

assumptions .used for .Figure 22B.. The latent period, p, was 

set equa.1 to zero for technical reasons, but we saw above 

that this had no effect on disease progress as long as r and 

y (0) were changed.] The behavior of the logistic equatio.n 

and Equation 8 were remarkably simi.lar (Fiqs. 22A and C), 

both when f (t) was presen·t and absent [ y• (t-p-i) had to be 

equal to zero when f (t) was absent]. The main difference 

between the logistic and Equation 8 was that the solution of 

Equation 8 was lower at years 9 and 10. Stripped of the 

latent, infectious, and death period corrections, Equation 8 

takes the form x• (t) =rf (t) ln[ 1/ ( 1-x) ] (1-x) 2. The ·tailing 

off of the solution of Eguatio.n 8 was due to the domina:nce 

of the (1-x)2 term at high incidence. 

Figure 22D shows solutions of Equation 8 for d egual to 

0 and 1 1ear.s. F.igure 22D shows that increasing the delay 
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term, d, lessens tailing off but slows the acceleration 

around year 6, by reducing r, as well as shifting the 

intercept. r decreased to 0.00278 per year when d equaled 2 

years. It is p.robable that d, which is the time required 

f o.r: a can.leer to kill a sprout, increases with the age of a 

clearcut, bigger sprouts being girdled more slowly. For 

instance, Hunt (22) reported that trees averaging 4 inches 

dbh were killed 2 years after infection. such an increase 

in d would allow the acceleration around year 6 to remain 

high hut decrease the tailing off. . The tailing off behavior 

could play 

the endemic 

Equation 8 

a major role vith resprouting in the return to 

situation of the forested site. One reason 

is more valuable than the logistic is its 

potential to help model the return to 'the endemic situation •. 

It also incorporates,. and thus synthesizes, more biological 

factors.. To suJ11marize: observed blight prog.ress in 

cl.earcut.s was fit adequately by the logistic equation 

multiplied by the function describing mean stromata.l area 

per stromatal canker .. Further refinements of the model to 

incorporate the number of cankers 

exploration of the sensitivity of 

parameters .. 

per sprout permitted 

the model to various 

Verification .2! the model.. Complete verificatio.n of 

the model is not possible without a disease progress curve 

for anomalous sites, such as sites with smaller or fever 
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sprouts than normal. Single poin·t ohserva tions were made at 

one selectively cut site (the JC3 site), where sprout: 

diameters were smaller than at clearcuts 0£ the same age. 

Observations also were made at a site with lower than normal 

sprout density (the BB2 site). At the JC3 site, the mean 

stromatal area per canker with stromata vas 52.4 cm2. The 

.JC3 site was 6 years old .. The 6-yr-old clearcut site (AT3) 

had 114 cm2 stromata per canker with stro!tlata, so the 

cankers at the selectively cut JC3 site had 461 of the 

stromatal area of those at the clearcut AT3 site. The 

coefficient o.f the t2 term in the equation for st.romatal 

area per canker versus age of clearcut (Fig. 20A) was 

lowered to 461 of its original value, and this modified 

equation for area was subs-tituted for f (t-p) in the solution 

of .Equation 8. The predict.ion was for an incidence of 0.30 

at year 6 .. The observed incidence values in the two plots at 

the JC3 site were 0.38 and 0.31. The sites of normal sprout 

density had a mean of 43.9 sprouts per plot, whereas the 

site of lower than normal sprout density (EB2) had a mean of 

16.5 sprouts per plot, 37.63 0£ the value for sites of 

normal density. The value of r in the solution of Eguation 

8 was correspondingly reduced to 37.6% of its original 

value, from 0.00390 from 0 .. 00147 per year. With r equal to 

0.00147 per year, Equation 8 predicted an incidence of 0.21 

at year 5 versus observed values of 0 .. 20 and 0.23. 
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Holding f (t-p) i.n Equation 8 constan·t, equal to 55 cm2, 

simulates the situation at the poletimber site (JCA), where 

the mean stroma tal area per canker probably does not change. 

Under these co:nditions, Equatio.n 8 predicted that incidence 

liould increase from 0.15 to 0.53 in 10 years, reaching 0 .. 83 

in 30 years. These rates are i.n reasonable agreement with 

t:he observed ages of sprouts at the JCA poletimber site 

(Table 24). For comparison to published mortality rates, 

all blighted ste.ms at the JCA site can be assumed to be 

giving rise to a mortality of 33% in 10 years 

[ (0.43-0.15) / (1 .. 0-0.15) ]. In Connecticut forests, IUortality 

ranged from 80% in 20 years to 803 in 10 years between 1937 

and 1977; from 1927 to 1937 it was 931 (34), but inoculum 

and secondarily blighted sprouts £rom the original pandemic 

probably were still present in 1927. These mortality rates 

£or Connecticut are thus ltig.her than the prediction, but 

they also would not allow .forest-type sprouts to be as old 

as was observed at the JCA site (Table 24) .. 

The point lJhere 50% of a stem was covered by rhytidome 

on the forest-type sprouts averaged 3.5 cm in diameter.. At 

the poleti:m.ber site, 373 of the stromatal area was 

contributed .by sprouts over 3.5 cm dbh. Assuming rhytidome 

reduces stromatal density to 103 of its value on sprouts 

without rhytidome (page 187), the ef.fective stromatal area 

at the poletimher site was 36.7 cm2 per canker instead of 55 
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cm2. Eguation 8 predicted incidence would increase from 

0 .. 15 to 0.40 in 10 years (mortality of 213) -with a constant 

value of 38. 1 cm2 substituted for f (b-p). In clearcuts 

between 4 and 9 years, sprouts over 3 .. 5 cm dbh contributed 

to the total stromatal area according to the linear 

relation, 3 contribution at year t = 16.0t - 49 ... 0, with a 

coefficien·t of determination, R2, of O. 796. The regression 

coefficient, 16 .. 0, of the first-o.rder term was significantly 

different from zero (p<0.001) by a t-test. Again assuming 

that rhytidome on such sprouts would reduce sporulation to 

103 of its value on sprouts without rhytidome,, f (t-p) can be 

modified with t11e linear relation to simulate the effect of 

rhytidome in clearcuts... Rhen this was done, Equation 8 

predicted an increase in incidence from 0.17 to 0.57 in 10 

years, an incidence of 0.96 being reached in 30 years. To 

summa,t:ize, the model described adequately all observed 

situations; :rhytidome would influence disease progress if it 

reduces sporulation ten-fold .. 

Discussion 

There were four differences between recently clearcut 

and forested plots which may have been related to the 

epidemics in clearcuts. [Note that in North Carolina Nash 

(2.9) found a .blig.ht incidence per sprout of ap,proximately 
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0 •. 285 in a randomly selected sample of 789 American chesnut 

sprouts; this incidence is similar to that observed at the 

JC.A site (Table 19, Fig .. 22). In preliminary observation, I 

have noticed that blight incidence on chestnut growi.ng under 

a closed canopy is generally under 0.50, althoug.h variations 

attributab.le to canopy density and chestnut size possibly 

occur.. Further research on the effect of canopy density on 

chestnut sprout size and blight incidence might be 

fruit£ul.] First, the change with 1ears after clearcutting 

0£ stromatal area per stromatal canker (Fig. 20) appears to 

play a key role in disease progress. Including it in 

modeling eguations for disease progress allowed 

observed disease prog.ress (Fig. 22A and J3). 

probably was due to growth of sprouts (Fig. 

It might be thought that the increase in 

of the 

The change most 

20B, c, and D). 

surf ace area 

available for infection would be an additional i:nfluence of 

sprout growth on 

Equation 8 should 

disease progress. If so, .f (t-p) in 

be multiplied by another t2 term. When 

this was done, the equation failed to fit the observed data: 

at year 6, an incidence of 0.34 was predicted; at year 1, an 

incidence of 0 .. 25.. Uchida (36) has shown that marry blight 

cankers on .Japanese chestnut 

graft unions, and Hunt (22) 

start at pruning wounds and 

has shown that many blight 

cankers on Ame.rica:n chestnut start at branch stubs .. This 

suggests that infection sites, which are wounds for !· 
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Earasitica (10), are limiting rather than the overall 

surface area of the .host, and that the number of wounds is 

not strongly dependent on sprout size over the range 

encountered during this study. If so, to a great extent, 

the rate of disease progress would not depend directly on 

the surface area density of the host .. 

Rhytidome was the second potential influence on disease 

progress; it might reduce the sporulating capacity of the 

fungus (Table 21) and the number of infection courts. 

Rhytidome was prevalent only at fo:rested sites (see, for 

instance, Table 21). The simulations clearly showed that an 

effect of rhytido.me on sporulating capacity would st.t"ongly 

influence disease progress. If all sprout.s over 3.5 cm db.h 

at the clearcut sites had had rhytidome, the rate of disease 

progress would have been reduced to 86~ of its original 

value at year 4 and 293 at year 8. Rhytidome reduces 

stromatal density 

rhytidome {19). 

by confining stromata to cracks in the 

Uchida (36) showed that stromata in such 

cracks on Japanese chestnut were larger t.han stromata on 

hark lacking rhytidome.. It .is possible that the larger 

stromata have a higher capacity for sporulation, which 

nullifies. in part,the effect of rh:ytidome on stromatal 

density. This effect wil.1 have to be investigated further. 

Rhytidome also might protect a sprout f.rom wounding and thus 

limit. infection.. Rhytidome began to be prese.nt o.n stems 
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exceeding 1.9 cm in diameter. In four po.letimber plots, 6 

of the 22 sprouts with rhytidome were blighted versus 9 of 

the 28 sprouts retaining bark and exceeding 2 cm dbh but 

lacking rhytidome. ~his suggests that rhytidome does not 

limit infections4 

A third major difference in other tests between the 

forested and clearcut sites was the 

failures of artificial inoculation on 

This may be related to the epiphytes 

higher prevalence of 

forest-type sprouts •. 

(lichens, etc.) and 

rhytidome presen·t on chestnut bark at poletimber sites (Fig •. 

18D).. This difference amounted to only 5~ of infections 

ho:wever •. · A 5$ change in r did not affect the output of 

Equa-t.ion 8 very much. It is unknown, however, to what 

extent failures of inoculation with agar disks would reflect 

fai.lu.res of infection by low numbers of co.nidia and 

ascospores. 

The final 

forested sites 

major difference 

was the increased 

clusters at clearcuts (Ta.ble 22). 

be·tween clearcut and 

prevalence of sprout 

Sprout clusters might 

favor epidemics in c.learcuts by .increasing sprout density 

and by otherwise altering the probabilities of blighting for 

sprouts. Resprouting of stumps with blight.,..killed sprouts 

greatly obscured the effects of multiple sprouts on 

epidemics, but some inferences can be made. Sprout density 

should be a direct mu.ltiple of the rate of disease progress. 
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The successful simulation of incidence at the anomalous site 

with lower than normal sprout density (BB3) supports this 

conjecture. The higher fraction of sprouts per stump at the 

JC1 clearcut site was offset b_y the higher number of stumps 

at the JCA p oletimber site, so that the number of sprouts 

over 0.8 cm dbh was not significantly (p>0.05) higher at the 

JC1 site than at the JCA site (Table 22). However, the 

density of sprouts over 0 .. 8 cm d.bh at t.he 13 clearcut sites 

of Table 23 would have decreased more than 2-fold if there 

had .been only one sprout per stump.. (It l!lust be remembered 

that an increase in sprouts per stump would not have as much 

o:f an e·ffect on mean distance between sprouts as would a 

comparable increase in the number of stumps.) 

Clumping of sprouts did not alter the pattern of 

cankers per sprout such that it did not fit the Poisson 

distribution (Table 25 and section "Effect 0£ clustering on 

probability of infection"). However, there vas evidence 

that blighting of one sprout in a stump increased the 

probability of blighting for other sprouts in the stump 

(Ta.ble 27). This might accelerate the rate of disease 

prog.ress during the early phases of epidemics, effectively 

increasing the initial inoculum for the the time when 

incidence finally .began to increase greatly (around year 4, 

Fig 22). However. it does appear that incidence in 

clearcuts would approach 1001 in the absence of this effect, 
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because of the increase in stromatal area caused by sprout 

growth. 

Waggoner and 

correction factor, 

directly related 

Bich (40) 

1-x, (sensu 

to Gregory's 

correction [ dy/dx= ( 1-x) in 

have reported 

Van der Plank, 

( 17) multiple 

the notation 

that the 

38) is 

infection 

of this 

dissertation]. However, their proof of this is dependent on 

the logistic equation [dx/dt=rx(1-x}] holding for incidence 

per plant unit, x. This form of the logistic can never hold 

when there are individual lesions or cankers (which is not 

to say that it cannot fit experimental data). Rather, the 

logistic :must be expressed on the basis of incidence of 

lesions ( dy/dt=ry (1-y) ], where J is incide.nce per lesion, 

since lesions are the fundamental population units. Thus 

Waggoner and Rich's conclusion (40) is incorrect; no direct 

relationship can be established with their method between 

the correction factor (with a form of 1-y) and any multiple 

infection correction (with a form of 1-x). If lesions per 

p.lant is distributed as a Poisson variate (14hich means that 

Gregory's (17) multiple infection correction obtains), then 

one can infer that lesion pattern is approximately random on 

spcouts.. This implies that conditions for infection are 

relatively uniform, which is a requirement for use of a 

correction factor based o.n incidence per lesion (1-y) (p 

36, 38) or incidence per sprout ( 1-.x) .. 
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The fit of cankers per sprout to the Poisson 

distribution during epidemics at c1earcuts was for stromatal 

cankers only (Tab.le 25). As a first approximation, those 

cankers can be viewed as having been caused by showers of 

spores of similar mag.nitude. However, it is clear t.hat 

stromatal plus nonstromatal cankers would not have been 

created by spore showers of similar magnitude, especially 

late (years 7-9) in the epidemics (see next paragraph). 

Variation in the mean num.ber of spores per shower should 

cause aggregation in ·the patte.rn of cankers per sprout, so 

that it should fit a contagious (in the loose sense) 

distribution, such as the negative binomial (32), rather 

than the Poisson. Aggregation in cankers per sprout caused 

by a series of spore showers of d.if.ferent magnitudes would 

not invalidate use of a correction ·factor ·with the form 1-x 

or 1-y.. All that is necessary for such a correction factor 

to hold is that the nondiseased plants or plant parts have 

an equa.l chance of being infected during future spore 

showers. Aggregation of cankers per sprout would affect 

this only so much as it resulted in spatial in.homogeneities 

in the concentration of released spores. 

The degree to which stromatal cankers were caused by 

spore showers of similar magnitude can be ascertained by 

estimating the infectious period (the length of time when a 

canker releases spores) • The in.fectious period was 



-245-

estimated using the observed disease progress curve (Fig. 

22) and the relation between the number of blighted sprouts 

and t.he number of sprouts with stromatal cankers (Fig. 21). 

The infectious period increased f.rom about 2 to 4 years 

during the epidemics in clearcuts. . The latent period for 

ascospores has been observed to vary between 2 and 4 months 

(2). Thus many of the stromatal cankers at the older 

clearcut sites (7 to 9 years .old) had formed up to 4 years 

previously, and the total population of stromatal cankers at 

the older clearcut sites probably was created hy a series of 

spore showers. The number of spores in those showers should 

have varied by the product. of stromata1 area per stromatal 

canker (approximately a five-:-fold variation, Fig. 20) and 

incide:nce of stromatal cankers (approximately a ten-fold 

variation, Table 25). It is not clear why more aggregation 

of cankers per sprout was not observed. 

In the model of the effect of sprout clusters on ·the 

distribution 0£ cankers per sprout, larger plot sizes (on 

the order of 1 hectare) might have revealed a departure of 

cankers per sprout from a Poisson distribution at the 6- and 

7-yr-old sites {page 224). Presumably, more accurate 

infor.mation could be gained from .large plot sizes.. This 

might be especially true if the large plots were aggregates 

of smaller plots; then, the effect of quadrat size o.n 

various parameters could be studied (p 100, 30). The 
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greatest advantage of such a study is that is would permit 

more precise quantification of the increased probability of 

infection of unblighted sprouts in clusters with blighted 

sprouts. . The latter might be due to four things: direct 

spread of cankers from one sprout to another (which can be 

detected by inspection); increase in ascospore concentration 

close to a canker; infection by conidia; and infection by 

means of animal vecto:cs. It is possible that ascopore 

concentration in small {3-7 m) areas is relatively even due 

to overlapping of spo.re clouds from different sources. 

Support for this supposition might be gained by spore 

trapping and use of large plots.. If it holds, .insight might 

be gained into the mode of spread of hypovirulence in Europe 

by stud1ing the spatial pattern of hypovirulent isolates (as 

estimated by the frequency 0£ white isolates) among sprout 

clusters.. This potential is the reason so much space was 

used describing a preliminary model of the effect of 

c.luste:cing on the probability of infection of sprouts (pages 

219-222). 

Anderson and Babcock (2) reported that, during ·the 

original pandemic, some of the spot infestations in advance 

of the main wave of infestation were composed of cankers 

lacking perithecia and ascospores. The secondary cankers 

formed at such spot infestations occurred mostly on young 

growth near the older infected sprouts, and disease 
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incidence did not increase as fast as occurred at sites with 

ascospores. Anderson and Babcock's (2) observation about 

S.POt infestations lac.ting ascospores and MacDonald and 

Double•s {25) observation on the pattern of cankers of 

differing vegetative compatibili-ty types are the primary 

evidence that ascospores are the predominant means of spread 

of the chestnut blight fungus. This conclusion is supported 

by the observation that the pattern of cankers on sprouts 

w_ith stromata may be dis·tributed as a Poisson variate (which 

is indicative of a random pattern of cankers) •. 

The localized nature o.f blight when it was spread o.nly 

by conidia (2) should have led to a.n aggregated pattern of 

cankers per tree, one not distributed as a Poisson variate 

( 13). Roge.rs and Gravatt (31) reported the only data fro-m 

the origina.l pandemic giving both the number of cankers and 

the number of blighted and unblighted trees. Gregory's (17) 

multiple infection correction seriously u.nderestimates the 

number 0£ cankers per tree.Rogers and Gravatt (31) observed, 

suggesting that the Poisson distributio.n did not apply 

during the original pandemic. This is not unexpected given 

the large si2e of chestnut the.n, and the attendant numerous 

possibilities .for conidia to cause multiple cankers on 

infected trees. (Note that this is not a direct effect o.f 

tree size on rate of blight progress.) Rogers and Gravatt 

(31) also reported that most of the diseased trees in a 
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3 5:x45 yard plot were in the half of the p.lot nearest the 

orig.inal focus of infection. This sharp gradient over space 

in disease incidence probably would have resulted in 

differing probabilities of canker .formation on the various 

trees in a plot, due to the differing concentrations of 

inoculum in the plot .. 

The sharp gradient observed by Rogers a:nd Gravatt (31) 

suggests that the potential fo.r spread of blight declines 

rapidly over short distances (10-20 m) from an inoculum 

sou.rce. Sharp gradients over space in disease incidence 

also were observed in t.he present s-tudy, although no 20x20 m 

p.lot.s were observed which contained chestnut but no blight; 

£or example, at t.he SM site, the blight incidence in 

contiguous 20x20 m plots was not independent of plot (p<0.1) 

by a G-test (5 of 45 vs 19 of 74 sprouts blighted). In two 

contignous 20x20 m plots, one at a clearcut site (JC1) and 

one at a poletimber site (JCA}, blight incidence was .not 

independent of plot (p<0 .. 01) by a G-test (36 of 47 vs 15 of 

33 sprouts blighted). In the poletimber plot, incidence in 

the 10x20 m portion of the plot farthest from t.he clearcut 

was 4 of 19 sprouts blighted, indistinguishable fr:om the 

general incidence at the JCA poletimber site (Table 18). 

Thus, a distinction should be made between the rate of 

sp·read of blight within foci over short distances {meters) 

versus be·tween foci over long distances (kilometers). 
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Overall, during the original pandemic, blight spread at 

10-20 miles per yeax: (24). Kuhlman (24) has suggested that 

t.he hypovirulence factor spreads too slovly in comparison to 

the rate of spread of virulent !.- ,.Earasitica to control 

b.light in America. Perhaps the hypovirulence factor(s) does 

not spread much more slowly wit.bin foci than do virulent. 

strains of~- ~arasitica (see 24). 

An alternative explanation to inefficient spread for 

the sharp gradient in blight .incidence at the bo.rder 'between 

clearcut and forest is provided by Van Arsdel's (37) 

demonstration that fungal spor€s probably are confined to 

the interior of cut sites by vind currents. In mitigation, 

chestnut blight spores are released whenever spore-bearing 

stromata are moistened (2). Van Arsdel 1 s demonstration was 

for air f.low during times of low wind speed. During storms, 

air flov patterns would differ. 

Equation 8 has o.nly limited utility for extrapolation 

t-0 anomalous situations. In particula.c, the relation 

between blighted sprouts and sprouts with stromata (Fig. 21) 

is highly dependent on the form of the disease progress 

curve as well as on the latent and infectious periods. 

Eguation 5 is useful only so long as chestnut trees are 

small. During the ox:iginal pandemic. the incidence of 

blighted trees was close to 1.0 before any trees died (16). 

The correction factor, 1-x (sensu Van der Plank. 38), for an 
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equation describing the origi.na.1 pandemic ideally would be a 

mi.xture of incidence and severity• since many small branches 

were killed by the disease before incidence reached 1.0. 

Simulation of an epidemic during the original pandemic also 

would re qui.re know ledge o:f spread of the disease from a 

focal point. In contrast, epidemics in clearcuts almo.st 

certainly arise from multiple foci. Me.rrill (27) obtained 

estimates (probably from two data points only) of 

Vankerplank' s r (38) for the o:rigina.l epidemics of O. ~3, 

1 .. 10 and 1.42 per year. I obtain an r of 0.96 per year, and 

a.n initial incidence, y(O) of 0.01, with a coefficient of 

deter.mination, R2, of .. 99 from Gravatt and Gill's data by 

ordinary least squares regression of logi ts o:f disease 

incidence on time. From the same data set, Fracker (15) 

obtained an r of 0.94 per year (=2.~03x0.41); the 

discrepancy occurs because he apparently did not include 

that fact that blight .incidence was 0.01 at year 0 for 

Gravatt and Gill's (16) data (Fracker•s disease progress 

curve passes through the o.rigin). During the current blight 

epidemics in clearcut.s, the rate of disease progress 

estimated by the logistic equatio.n {unmodified) was 0.51 per 

year. with an .a2 of o. 73 (Figs., 221 and 23). 'lhe ra·te of 

disease progress for the .logistic equation modified with 

f (t) (Fig.. 22A) was rf (t).. It increased fro.m 0.22 to 1.0 

per year between years 4 and 9. Thus the rates of the 
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and the current epidemics 

the latter phases of 

at clearcuts 

the current 

Vanderplank (39) has co.mmented on the uniform rate of 

blight progress during the original epidemics.. The latent 

period, infectious period, and environmental e.ffects are 

three variables which might affect the rate, in addition to 

the form of the curve describing sporulation per canker 

dur.ing the l.ife of a canker and variat.ion in that form 

during the epidemic. The latent period for chestnut blig.ht 

is relatively short (2-4 months, page 229) compared to the 

duration of disease progress (10 .Years, 16). The stromata 

production (rate of sporulation) of a canker probably 

increases gradually be£ore it begins to decline, due to 

canker expansion being a function of time squared (Pig. 

22A), and due to expansion occurring over several yea.rs 

(Table 9, page 129). And the infectious period is 

reasonabl_y long (about 2-4 years at clearcuts, page 245, and 

probably longer for cankers on large stems during the 

original pandemic). Sprout size (Fig. 20) is probably the 

only factor causing changes in the form of the curve 

describing sporulation per canker during the current 

epidemics in clearcu·ts; since tree size generally was not 

changing markedly in the large trees subject to the original 

pandemic., the forID of the curve describing sporulation per 
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canker quite possibly was constant during the original 

pandemic. Using Equation 1, it can be shown that 

Vanderplank's (38) r {based on dx/dt=rx (1-x) ] is relatively 

constant under such conditions, assuming a relatively 

constant environment. It is probable that 

variations in environmental conditions were 

affecting r(pp 99-100, 38). 

year to year 

negligible in 

Schuepp (33) measured blight incidence in Switzerland 

over a 3-year period in 80 30x40 m plots with varying 

incidence levels.. Bazzigher (7) assembled these data into a 

disease progress curve and fit them to a cumulative normal 

distri.bu tion curve.. (I personally concur in the disease 

progress curve Bazzigher (7) assembled .. ) I fit the disease 

progress curve constructed from Schuepp•s data to the 

logistic equation and obtained a slope, r, of 0 .. 48 per year, 

an initia.l disease incidence, x(O), of 0.01, and a 

coefficient of determination, n2, of 0.98 by ordinary least 

squares regression of logits of disease incidence on time. 

The rate of disease progress i.n Europe (0 .. 48 per year) was 

one half of that observed in America (0.96 per year b_y my 

calculations) by Gravatt and Gill (16). 

Lack of summer rain [which might lead to low ascospore 

production because conidia are re.leased primarily when 

stromata are wet (2) ] cannot account for the reduced rate of 

disease progress in Europe. ~hile the chestnut-pubescent 
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oak associa·tion is characteristic of a sub-Mediterranean 

climatic zone (p 122, 41), there usually is abundant summer 

rain in Lugano, Switzerland (p 147, 41). Lugano is in the 

canton of Tessin, where Bazzigher (7) and Schueppp (33) 

worked. The .reports (Grente, !ti ttempergher, personal 

communication), 

Europe, may be 

production .. 

tl1a·t perithecia and ascospores are rare in 

due to hypovirulence hindering ascospore 

Differences in the rate of canker expansion on European 

and American chestnut however appear to be a principal cause 

of the difference in rate -0£ blight progress in Europe and 

America. I will now present evidence for this~ Schuepp 

(33) measured the increase in length of 1311 cankers over a 

3-year period, measuring 492 cankers between the first and 

second years and 819 between the second and third. They 

grew an average of 14.2 cm/yr in length. In America, Hunt 

(22) measured the increase in length and width of 26 cankers 

between 1914 and 1915. They grew an average of 19.8 cm/yr 

in length and 14.6 cm/yr in width. During the studies of 

biocontrol of blight on American chestnut stump sprouts 

reported .in Chapte.r Three, the mean and standard deviation 

of the inc.cease in length. between July 29, 1978 and July 19, 

1979 of 9 cankers incited by the Weekly, virulent isolate 

were 21 .. 2 + 3.9 cm; 13 cankers incited by the CR virulent 

isolate increased 24.2 + 6.3 cm in length, and 13 cankers 
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incited by the Ep39 virulent isolate increased 22.7 .± 5 .. 68 

cm (see Tables 6-8, pages 117, 127, and 128 for isolate 

information). Thus Hun,t' s (22) data are not atypical. 

Also, the ratio of lengths to widths for Hunt's 26 cankers 

was similar to length-width ratios for 166 other cankers 

which Hunt measured. The length-width ratio of Hunt's 26 

cankers was used to estima·te the yearly increase in width of 

Schuepp•s cankers in Europe, giving a value of 10.6 cm/yr in 

width .. 

The ra:te of sporulation per canker was then calculated, 

assuming that stromatal density and sporulation on European 

and American chestnut are similar. The rate of sporulation 

per canker was assumed to be proportional to the canker 

area, except that a given canker area was assumed to 

spo:culate for only 2 years, as Heald and Studhalter (21) 

reported. Canker area was calculated as the product of 

canker length and width, with yearly rates of 19 ... 8 cm/yr 

length and 14.7 cm/yr width for America {Hunt's data, 22) 

and 14.2 cm/yr length (Sc.huepp's da·ta, 33) and 10.6 cm/yr 

vidth (Schuepp•s length times Hunt's length-width ratio) for 

Europe .. Encirclement 0£ a tree by a can.ker was assumed to 

resu.l t in cessation of .increase in canker size., both in 

length and width. Tree diameter classes were assumed to be 

in the freguencies given by Bazzigher for six classes (7) .. 

No at·temp·t was made during these calculations to account for 
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differences in limb size on a given tree; they were assumed 

to .be cylinders vith the diameter of the tree at breast 

heig.ht... With these assumptions, for each diameter class, 

two equations describing rate of sporulation per canker were 

constructed, one .for Europe and one for America. An overall 

equation ·for rate of sporulation per canker was generated as 

the sum of the individual equations fo:r each diameter class 

multiplied by Bazzigher•s (7) class frequencies.. The two 

overall equations, one for America and one for Europe, w·ere 

approxima·ted by fitting their output to a fifth degree 

polynomial. 

The discrete analogue of Equation 1 (Equation 4 in 

paper in appendix) was modified to fit the disease progress 

data fm: Europe employing the European equation for rate of 

spo.rulation per canker.. Blight incidence per tree (x) was 

esti.mated from blight incidence per lesion (y) with the 

inverse of Gregory's (17) multiple inf.ection correction. 

The parameter 1 in the correction factor (1-y) of Equation 1 

was replaced .by 6 .. 908, the blight incidence per lesion (y) 

given .by Gregory's (17) correction when blight incidence per 

tree (x} equals 0.999. The ter.m, dy/dt, in Equation 1 was 

replaced by (1-x)-tdx/dt, an analogue 0£ Equation 6.. This 

modified Equation 1 was fit to the disease progress data for 

Europe to o:btain parameters. 

of sporulation per canker was 

The American equation for rate 

substituted in the modified 
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Equation 1, and a disease progress curve for America 

calcu1ated with the parameters.. The .logistic equation was 

fit to the calculated disease progress curve for America and 

gave a slope, r, of 0 .. 59 pe.r year, an initial disease 

incidence, x(O), 

determi·na ti on, R2, 

Europe was zero) .. 

that Gravatt and 

incidence reached 

of 0.01, and a coefficient 

of 0.99 (note that the observed x(O) 

of 

in 

For comparison it should be reme:m.bered 

Gill's (16) data start when blight 

0.01; I assume that that incidence was 

reached after 1 year. Hith that in mind, the calculated 

disease progress curve for America agrees rather well, given 

all the assumptio.ns, with Gravatt and Gill's observed curve 

(which I calculated had an r equal to 0.96 per year and an 

x(O) equal to 0 .. 01). Thus, dif.ferences in rate of canker 

expansion on European and American chestnut appear to :be a 

principal cause 0£ the difference in rate of blight progress 

in Europe and America. 

It does not appear that hypovirulence can account for 

the reduced rate 0£ canker expansion in Europe. Schuepp•s 

{33) data cover the first 12 years after the start of an 

epidemic in sites not previously blighted. [Note that 

Bazzigher (7, 9) extrapolates the curve out to 20 years.] 

Schuepp•s report on mortality during this ti.me conforms to 

.Bazzigher•s (7) calculated mortali·ty curve... Bazzigher•s (9) 

o.bse.rved .mortality curve begins ·to depart from the 
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calculated curve 15 years after an epidemic starts.. T.his 

agrees per:fectly with Mittemphergher•s (28) report, based in 

part on Biraghi 1 s (12) observations, that hypovirul.ence does 

not become evident until 15 years .after an epidemic starts. 

Finally, the uniform rate of disease progress from the 

beginning of the epidemic indicates no exogenous disturbance 

of the epi<lemic; when hypovirulence is rampant, blight 

incidence declines (28) ! Jaynes (personal communications) 

contends that European chestnut is as susceptible to blight 

as American chestnut, and that hypovirulence caused the 

reduced rate of blight progress in Europe. If this is so, 

it is extre.mely difficult to explain Bazzigher and Schmid's 

(10) convincing demonstration of blight resistance in clones 

of European chestnut and Bazzigher•s (8, 9) subsequent 

production of 30, 000 bligh·t-resistant trees. Likewise, 

Schuepp 1 s (33) repo.rted rates of canker expansion on 

European chestnut and Berry 11 s (11) controlled co.mpa.rison of 

canker lengths on .European and American chestnut strongly 

indicate that European chestnut is more resistant to blight 

than American chestnut .. 

The difference in canker expansion rate on European 

versus American chestnut may be a principal reason vhy 

hypovirulence in Europe became predominant enough apparently 

to result in blight remission. Not only did each canker on 

European chestnut exist longer, leav.inq more time for its 
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thallus to be affected by the hypovirule.nce agent, hut, and 

more important, a large population of cankers was maintained 

during blight progress for twice as long in Europe as in 

Ame.rica.. We saw how important a large host (chestnut) 

population was to blight epidemics at clearcuts; a large 

ho.st (Endothia) population maintained over a long time 

analogously should be im.portant to epidemics of the 

hypovirule:nce agent (s), for it would supply the material to 

be infected and probably the inoculum for new infections. 

Apparently, at least in some cases, the time interval when 

large canker populations existed in Europe vas prolonged by 

repeated cycles of cutting of blighted chestnut at coppice 

sites (18, 28).e It should .be possible likewise to regulate 

the size of canker populations in America by regulating 

(throug.h cutting) the size of unblighted chestnut sprouts, 

by cutting and removing blighted sprouts, or by i.ncrea.sing 

blight resistance in the American chestnut population. . The 

logistic equation modified by the function describing 

stromatal area per ca.nkers (see Fig.. 22A) can provide 

guidelines for pla:nning such experi.ments. 

/ 
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CHAPTER FIVE 

SUMMARY 

Intact trees, grafts, seedlings, and excised stems of 

large surviving American chestnut were inoculated with V 

isolates of !· Ea!~Sitica. The canker lengths, times to 

start of linear canker expansion, and slopes of the canker 

growth curves of some of the trees were significantly 

(p<O .. Q5) less than those of blight-susceptible controls. 

This indicates that some large, surviving American chestnut 

trees have some degree of blight resistance and that this 

resistance is heritable. 

The histopathology of canker development on 

blight-resistant Chinese and blight-resistant and 

blig.ht-susceptible American chestnut was examined after 

inoculation with virulent (V) and hypovirulent (H) isolates 

of Endothia .,Earasitica. Afte.r inoculation, individual 

hyphae colonized bark tissues until the hyphae were stopped 

at a zone of parenchymatous cells with lignified cell walls •. 

Lignification was indicated by yellow~green fluorescence 

under ultraviolet ligh·t, by staining with 

ph.loroglucino.l-HCl, and .by other, less specific staining 

procedures. Hyphae always killed host cells prior to 

colonizing 

activity 

by staining £or diaphorase them as indicated 

and neutral red staining. FeC13-stainable 
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substances disappeared prior to colonization. In wounded, 

uninoculated hosts, lignification also occurred at the same 

t.ime as in inoculated hosts, 8-10 days after wounding. 

B-glucosidase, phenolase, and peroxidase activities were 

enhanced at 'the zone of lignifica tion.. Prior to 

lignif.ica tion, cell-wall localized esterase activity 

persisted after colonization of a cell in Chinese but not 

A.me:rican chestnut .. 

Hycelial fans of V and H isolates formed approximately 

18 days after inoculation in bligh-t-susceptible American 

chestnut.. Fans of the V isolate grew through the lignified 

zone about 18 days after inoculation; physical pressure 

generated by the fan appeared to play a role in fan growth. 

Fans of the H isolate grew through the lignified zone about 

30 days a:fter inoculation, but did not grow far. Fans of 

the V isolate in blight-susceptible American chestnut 

continued ·to grow for the duration of the experiments (90 

days). Myce lial fans 

two weakly 

pat.hogenic 

pathogenic H 

(less than 

were observed. in canke.rs incited by 

isolates but not in tvo slightly 

weakly pathogenic) 

Sporadic, limited formation and growth of 

beyond the lignified zone, occurred in 

H isolates. 

mycelial fans. 

blight-resistant 

Chinese and American chestnut with the V isolate .hut not the 

H isolate. Only one fan was observed commonly in 

blight-resistant .hosts, but multiple fans were almost always 
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observed .in the blight-susceptible host. Mycelial fan 

growth always accompanied canker expansion. 

In all host-treatment combinations, wound periderm 

began forming next to periclinally oriented lignified zones 

11 . to 14 days after wounding or wounding pl us i.noculation. 

Next to anticlinally oriented portions of 

periderm did not begin :forming unti.l 

lignifed zones, 

about 23 days. 

Formation started at the deepest point of a wound or canker 

and progressed outward, taking about 20 days ·to reach the 

outer periderm. Gaps in wQund periderm sometimes occurred 

next to anticlinally oriented portions of lignified zones. 

When mycelial fans did form in blight-resistant hosts or 

with H isolates, they comm,monly penetrated ·the lignified 

zone near the bark surface, where wound pe:cide.rm had not yet 

formed. Formatio.n of a new lignified zone and a new wound 

periderm occurred between these fans and the vascular 

cambium,. Sometimes* the fans eventually were sealed off 

completely by a ~ound periderm. In all hosts, wound 

periderm formation ceased when mycelial fans o.r hyphae grew 

behind the wound periderm, killing host cells .. 

Tests were performed of biocontrol of V cankers by H 

isolates.. In replicate tests for a combination of one V and 

one H isolate, biocontrol was observed in all replicates 

only when the V and H isolates were in the same vegetative 

compatibility (v/c) group. Most H+V pairs (not in the same 
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v/c group) gave at least oDe instance of biocontrol, as 

confirmed by pathogenicity tests of isolates from the V 

canker. So.me instances of biocontrol were observed in the 

second year of the test, but on.ly in H+V pairs not in the 

same v/c grou.p. The lengths o.f biocontrolled H+V cankers 

·were correlated roughly with ·the pathogenicity of the H 

isolate giving biocontrol, but not the pathoqenicity of the 

V isolate. The sporulation of the fungus in the 

biocontrolled H+V cankers also may have been correlated 

rough.ly with the pathogenicity of the ff isolate. The 

stromata.l density o:f isolates was correlated with 

pathogenicity (canker lengths). 

Rapid epidemics of chestnut blight occur at recently 

c1ea.rcut sites but not at sites forested with large (mean 

dbh .. greater than 12. 5 cm) trees o.f species other than 

American chestnut. Clearcuts of different ages and a 

forested site were compared to detect factors which might be 

involved in the difference in rate of blight progress. 

Sprouts at c.learcuts grew more rapidly than those at 
I 

forested sites and became larger by 4 to 5 years after 

cutting. The larger sprouts supported larger cankers with 

more bark surface area ·with stromata. Cankers on larger 

sprouts could become larger because there was more sprout 

circumference to enci.rcle and because they only increased in 

length .both up and down the stem .before they enci.rcled the 
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stem~ Since the increase in sprout diameter was linear with 

time after clearcutting, mean stromatal density per 

stroma tal canker increased as time squared. There we.re more 

sprouts per stump at clearcut sites but more stumps per plot 

at the forested site, so that the num.ber of sprouts per plot 

was similar at both types of site. Rhytidome· (dead outer 

bark) was prevalent only at forested sites, pri.marily on 

stems greater than 3 .. 5 cm in diameter.. Rhytidome reduced 

stromatal de.nsity approximately ten-fold, but. it is unclear 

whet.he&: the sporulating capacity of cankers under rhytidome 

was reduced 10-fold .. 

Disease progress was measured at clearcuts 4 to 9 years 

old and at a 1-yr-old clearcut,. Blight incidence per sprout 

increased f:c:om approximately 0.15 to O. 90 during that time. 

Blight incidence per sprout was about 0.20 at the forested 

site. The number of stromatal cankers per sprout was 

dist.ributed as a Poisson variate. This indicates t.hat the 

pattern o.f stromatal cankers per sprout was random. The 

latent period appeared to be approximately 2 months for 

ascospore production and the infectious period about 2 

years •. · Thus, ·the mean number of stromatal cankers 

sprout increased wit.h time. Modeling indicated 

clustering of sprouts at stumps did not influence 

pattern of stromatal cankers per sprout. 

per 

that 

the 
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The logistic equation (based on blight incidence _per 

sprout) could not fit adegua te.ly the observed blight 

progress curve in c1earcuts. But it could when it was 

multiplied by a function describing mean stromatal area per 

stromata1 canker with time after clearcutting., Modifying 

the equation further to account for the number of cankers 

per sprout did not alter the fitted curve. Modeling 

indicated that, if rhytidome reduces the sporulati.nq 

capacity of a canker tenfold, then its presence :would slow 

epidemics. Factors other than sprout size and rhytidome did 

not appear to be important to the rate of blight progress •.. 

The modeling suggested that sprout size alone, by its effect 

on canker size, could account for the difference between 

forested and recently clearcut sites. 

Previous research indicated the rate of expansion of 

cankers incited by V isolates on European chestnut is slower 

than that on American chestnut (Plant Disease Reporter 

44:716-717, 1960) .. Modeling indicated that t.his slower rate 

of canker expansion could account fo.r the fact tha·t blight 

epidemics in Europe were slower than those .in A.merica 

(Schveizersiche Zeitschrift fur :Forstwesen 115:320-330, 

1964)• The slower rate of blight progress is suggested as a 

key factor in· the occurrence of hypovirulence-associated 

blight remission in Europe, because relatively large _i .. 

parasitica popu1ations persisted for a relatively long time. 
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This provided ample substrate and time fo.r an epidemic of 

hypoviru1ence to occur. . Limiting chestnut sprout size (by 

cutting) would be one mea.ns of slowing epidemics o{ blight 

in the Appalachians~ 
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TABLE A 

NUMBER CF CELL LA~ERS IN WOUND PfRIDER~l. 
IN DIFFERENT BARK TISSUES 

TREE: A~ERICAN ** 
ISCLATf: CR *** 

DAYS SECONCAR~ CORTICAL GRIGINAL 
AFTER PHLGEM CORTEX SCLERIOS PERIOERM 
INOCU-
LATION PHEl- PHEL- PHEL- PHEL- PHEL- PHEL- PHEL- PHEL-
IN 1978 LEM LCDER~ LEM LCOERM LEM LODERM LEM LCOERM 

10 0 0 0 0 0 0 a c 
12 0 0 0 a 0 0 0 0 
14 a 3 0 c 0 0 0 c 
14 0 3 0 c 0 0 0 0 
16 5 5 0 c a 0 0 c 
18 0 0 0 0 0 0 0 0 
18 4 3 0 G 0 0 0 0 
21 4 3 0 c 0 0 0 0 
23 0 0 0 0 0 a c c 
23 0 0 0 0 0 0 0 c 
25 0 0 0 0 0 0 0 0 
28 0 0 0 c 0 0 0 0 
2d 0 0 0 0 0 0 0 0 
30 4 5 4 1 0 0 0 0 
37 0 3 0 c 0 0 0 0 
44 6 6 0 c 0 0 ·o 0 
54 c c 0 0 0 Q c c 
64 0 c 0 c 0 0 0 c 
10 0 c 0 c 0 0 0 c 
11 10 2 4 1 0 0 0 0 

* NG PERIDERM BECAUSE RHYTIDGME PRESENT OR SAMPLE TORN. 

** AMERICAN TREES ARE BLIGHT-SUSCEPTIBLE STUM? SPRGUTS OF 
CASTA~EA DENTATA. 

*** CR IS A HIGHLY PATHOGENIC, VIRULENT ISOLATE Of 
ENUCTHIA PARASITICA. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 
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TABLE A (CONT.) 

NUMBER OF CELL LAYERS IN ~OUND PERIOERM 1· 
IN DIFFERE~T BARK TISSUES 

TREE: AMERICAN ** 
ISCLATE: EP66 *** 

DAYS SECONCARY CORTICAL ORIGINAL 
AFTER PHLOEM CCR TEX SCLERIDS PERIOERM 
INOCU-
LATION PHEL- PHEL- PHEL- PHEL- Pl-EL- PHEL- PHEL- PHEL-
IN 1978 LEM LCOERM LEM LCDERM LEM LODERM LEM LCDERM 

10 0 0 0 a 0 0 0 0 
12 c 0 0 0 0 0 Cl a 
14 0 0 0 a 0 0 0 0 
14 0 0 0 c a 0 0 0 
16 0 0 0 a 0 0 0 0 
18 c a 0 0 0 a a 0 
18 0 a 0 0 0 0 0 0 
21 0 0 0 c 0 0 0 0 
23 7 5 0 3 0 0 G 0 
23 0 a 0 0 0 0 0 0 
25 c 0 0 0 0 a 0 0 
28 0 0 0 c 0 0 0 0 
28 5 5 0 0 a 0 0 0 
30 2 3 c c 0 0 0 0 
37 5 4 0 c 0 0 0 0 
44 4 8 * * * * * * 54 , 5 5 l 6 3 4 2 
64 5 3 c 0 0 0 0 c 
10 6 3 3 3 0 0 0 a 
77 a 3 4 3 0 a c a 

* NG PERIDERM BECAUSE RHYTIOOME PRESENT GR SAMPLE TORN. 

** AMERICAN TREES ARE BLIGHT-SUSCEPTlBLE STUMP SPRCUTS OF 
CASTANEA DENTATA. 

*** EP66 IS A SLIG~TLY PATHOGENIC, HYPOVIRULENT ISOLATE CF 
ENDGTHIA PARASlTICA. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 



-273-

TABLE A (CONT.) 

NUMBER Of CELL LA~ERS IN WCuND PERIOER~l. 
I~ DIFFERENT BARK TISSUES 

TREE: AMERICAN ** 
ISCLATE: NONE *** 

DAYS SECONDARY CORTICAL ORIGINAL 
AFTER PHLOEM CORTEX SCLERIDS PERIDERM 
INGCU-
LAT ION PHEL- PHEL- PHEL- PHEL- PHEL- PHEL- PHEL- PHEL-
IN 1978 LEM LCOERM LEM LOOERM LEM LODERM LEM LODERM 

10 0 0 0 c 0 a a c 
12 0 4 0 c 0 0 0 0 
14 c 4 0 c 0 0 0 0 
14 0 0 0 c 0 0 0 0 
16 l 7 0 c 0 0 0 c 
18 2 7 0 c 0 0 0 a 
18 5 2 6 2 0 0 0 c 
21 3 4 0 c 0 0 0 0 
23 4 3 D c 0 a c c 
23 5 3 0 0 0 0 0 0 
25 6 3 4 3 a 0 0 0 
37 7 4 2 4 3 1 0 0 
44 5 3 4 1 3 1 0 c 
54 10 6 6 2 3 1 5 1 
64 7 4 6 1 4 1 0 0 
70 10 6 6 2 5 1 4 1 
77 13 7 7 2 6 1 ~ 1 J 

* NC PERIOERM BECAUSE RHYTIDOME PRESENT CR SA~PLE TORN~ 

** AHERJCAN TREES ARE BLIGHT-SUSCEPT18LE STU,P SPRCUTS Of 
CASTANEA OENTATA. 

*** TREE wCUNOEO BUT NOT INOCULATED. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 
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TABLE A (CONT.> 

NU~SER Cf CELL LAYERS IN WOvND PERIDERMl. 
IN DIFFERENT BARK TISSUES 

TREE: FLCVO ** 
ISOLATE: CR*** 

DAYS SECONDARY CGRTICAL ORIGINAL 
AFTER PHLOEM CCRTEX SCLERIDS PERlOERM 
INCCU-
LATIGN Ph El- PHEL- PHEL- PhEl- PHEL- Pl-iEL- PHEL- Pr El-
IN 1978 LEM LGDERM LEM LCDER1"1 LEM LGOERM LEM LGDERM 

10 c 0 a c 0 0 0 c 
12 0 a 0 0 c c 0 c 
14 c 4 0 c 0 0 0 0 
16 0 3 0 c 0 0 G 0 
18 c 6 c 6 0 0 0 c 
21 2 a c 3 0 c c a 
23 6 2 4 8 0 0 0 a 
25 a 13 3 4 0 0 c c 
28 10 5 10 a 0 0 0 0 
37 8 7 a 4 3 2 0 l 
44 10 1 8 e 4 6 .3 3 
54 12 8 10 8 3 3 c 0 
70 11 10 7 2 0 0 c c 

* NC PERIDERM BECAUSE RHYTIOGME PRESENl CR SAMPLE TCRN. 

** THE FLOYD TREE IS A LARGE, SURVIVING AMERICAN CHESTNUT. 

*** CR IS A HIGHLY PATHOGENIC, ~IRULENT ISCLATE OF 
ENDGTHIA PARASITICA. 

l. PERICLINALLY ORIENTED WOUND PERIDERM. 
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T ABLE A lCOf\T.J 

NUMBER Of CELL LAYERS lN wOLND PER£DERM1. 

DAYS 
AFTER 
INOCU-
LATION 
IN 1978 

10 
12 
14 
16 
ld 
21 
23 
25 
28 
37 
54 

IN ClfFERENT BARK TISSUES 
TREE: FLG'tO ** 
ISCLATE: EP66 *** 

SECONCARY 
PHLCEM CORTEX 

PHEL- PHEL- PHEL- PHEL-
L EM LCOER~ Lfi\4 LCOERM 

0 c 0 c 
c l 0 c 
a ~ 0 c 
0 0 0 0 
c 8 0 c 
5 5 0 6 
5 8 4 2 
4 6 0 c 
1 8 7 7 
10 .1 4 2 
13 10 * * 

CGRTICAL 
SCLERIOS 

Pt-EL- PHEL-
LEM LCCERM 

0 0 
0 a 
a 0 
0 0 
0 0 
0 {) 

2 3 
0 0 
c a 
6 2 

* * 

ORIGINAL 
PERIOERM 

PHEL- PHEL-
l EM LOOERM 

0 0 
c c 
0 0 
G 0 
0 0 
0 0 
c c 
0 0 
0 a· 
3 1 
* * 

* NC PERIDER~ BECAUSE RHYTIOCME PRESENT CR SAMPLE TCRN. 

** THE FLOYD TREE IS A LARGE, SURVIVING AMERICAN CHESTNUT. 

*** EP66 IS A SLIGHTLY PATHOGENIC, HYPCVIRULENT ISCLATE CF 
ENOCTHIA PARASITICA. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 
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TABLE A (COf\T.) 

NUMBER CF CELL LAYERS IN WOUNC PERICER~l. 

DAYS 
AFTER 
I NDCU-
LAT ION 
IN 1978 

10 
12 
14 
16 
13 
21 
23 
25 
2.8 
44 
54 
70 

IN DIFFERENT BARK TISSUES 
TREE: FLCVD ** 
lSCLATE: NONE *~* 

SECONCARY CCRTICAL 
PHLOEM CORTEX SCLERIDS 

PHEL- PtiEL- .,HEL- Pl-El- P .. EL- PHEL-
LEi~ LODER~ LEM LCDERM LEM LOO ERM 

c a 0 c 0 0 
0 5 0 5 0 0 
0 8 0 8 0 3 
c a 0 4 0 0 
a a a 4 0 0 
4 4 0 4 0 3 
5 6 3 2 0 0 
4 7 4 3 2 3 
9 5 11 7 7 3 
8 1 9 11 7 6 
11 10 6 4 6 4 
10 9 10 7 9 8 

ORIGl/\AL 
PERIDERM 

PHEL- Pt-EL-
LEM LCD ERM 

a c 
0 a 
c c 
0 0 
0 c 
0 0 
c c 
0 0 
6 3 
5 2 
6 2 
4 l 

* NC PERlDERM BECAUSE RHVTIOCME PRESENT OR SAMPLE TGRN. 

** THE FLOYD TREE IS A LARGE, SURVIVING AMERICAN CHESTNUT. 

*** TREE WCUNOED BUT NCT INGCULAT~O. 

1. PERICLINAL(Y ORIENTED WOUND PERIDERM. 
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TABLE A (CONT.) 

NUMBER CF CELL LAYERS IN WCUNC PERIDERMl. 
IN DIFFERENT BARK TISSUES 

TREE: CHI~ESE ** 
ISCLATE: CR *** 

DAYS SECONDARY CORTICAL ORIGINAL 
AFTER PHLOEl-1 CCRTEX SCLERlOS PERIOERM 
INGCU-
LAT ION PHEL- PHEL- PHEL- PHEL- PHEL- PHEL- PHEL- PHEL-
IN 1978 LEM LCD ERM LEM LCCERM LEM LCOERM LEM LCOERM 

10 0 5 0 0 0 0 c c 
12 c 6 0 c 0 0 0 0 
14 0 4 0 c 0 0 c 0 
16 0 4 0 c 0 0 0 0 
18 6 6 0 G 0 0 c c 
21 4 7 0 c 0 0 0 0 
23 c 5 * * * * * * 25 5 "A 4 c 2 0 c c 
28 4 a * * * * * * 30 11 4 5 1 * * * * 37 10 6 4 c * * * * .. 
54 7 c 7 3 * * * * J 

63 8 14 8 4 * * * * 70 22 10 13 13 4 4 * * 77 18 14 6 4 * * * * 

* NG PERIDERM BECAUSE RHYTIDCME PRESENT GR SAMPLE TCRN. 

** CHINESE TREES ARE GRAFTS Cf THE HIG~LY SLIGHT-RESISTANT 
CULTI~AR, NANKING, CF CASTA~EA MOLLI5SIMA. 

*** CR IS A HIGHLY PATHOGENIC, VIRULENT ISCLATE OF 
ENDOTHIA PARASITICA. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 
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TABLE A {CONT.) 

NUMBER CF CELL LAYERS IN WOUNC PERICERMl. 

DAYS 
AFTER 
INCCU-
LATICN 
IN 1978 

10 
12 
14 
16 
18 
21 
23 
25 
28 
30 
37 
44 
5~ 

63 
70 
77 

IN DIFFERENT BARK TISSUES 
TREE: CHINESE ** 
ISCLATE: EP66 *** 

SECONDARY CORTICAL 
PHLOEM CGRTEX SCLERIDS 

PHEL- PHEL- PHEL- Pt-'El- PHEL- PHEL-
LEM LODER I' LEM LG GERI-! LEM LODERM 

0 0 0 0 0 0 
c 5 0 c 0 0 
0 6 0 c 0 0 
0 6 0 c 0 0 
c 4 0 c 0 0 
4 4 0 c 0 0 
4 i:: 4 3 0 3 _, 
3 4 0 3 0 3 
7 7 * * * * 13 6 6 5 0 0 
12 " 8 5 6 3 ... 
11 4 5 3 0 0 
6 3 6 2 * * 13 13 6 4 * * 14 <; * • * * 14 14 a * * * 

GRIGINAL 
PERIOERM 

PHEL- PHEL-
LEi'-1 LCDERM 

.o 0 
c a 
0 c 
c a 
c 0 
0 c 
0 a 
c c 
* * a a 
* * 0 0 

* * * * * * * * 

* NO PERICERM BECAUSE RHYTIOOME PRESENT CR SAMPLE TORN. 

** CHINESE TREES Af<E GRAFTS CF ThE HIGHLY SLIGHT-RESISTANT 
CULTIVAR, NANKING, OF CASTANE~ MOLLISSI~A. 

*** EP66 IS A SLIGHTLY PATHOGENIC, HYPGVIRULENT lSCLATE Cf 
ENOGTHIA PARASITICA. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 
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TABLE A (CCNT.J 

NUMBER OF CELL LAYERS I~ ~OLNC PERIDER~l. 
IN DIFFERE~T BARK TISSUES 

TREE: CHINESE ** 
ISCLATE: NCNE *** 

DAYS SECONDARY CORTICAL CRIGI~Al 
AFTER PHLOEM CORTEX SCLERIDS PERIDERM 
INCCU-
LAT ION PHEL- PHEL- PHEL- PhEl- PHEL- PHEL- PHEL- PHEL-
IN 1978 LEM LCDER~ LEM LCOERM LEM LCDERM LE~ LCDERM 

10 0 a a c 0 c G c 
12 c 6 0 c 0 0 0 c 
14 G 6 0 0 0 0 0 c 
16 5 5 0 c 0 0 0 0 
18 c 7 0 c a c 0 G 
21 5 6 4 2 3 c 0 3 
23 7 6 5 3 3 3 c 2 
25 9 (; 5 4 0 0 0 0 
28 7 11 5 l 3 2 4 l 
30 7 6 4 5 0 0 a c 
37 8 3 5 3 3 l 3 l 
44 q i:; * * * * * * J 

54 8 6 8 " 9 l a c "" 
63 10 9 11 6 6 4 * * 70 22 6 10 3 * * * * 77 12 7 * * * * * * 

-------------------·-* ~G PERIDERM BECAUSE RHYTICCME PRESENT ·CR SAMPLE TCRN. 

** CHINESE TREES ARE GRAFTS CF THE HIGHLY SLIGHT-RESISTANT 
CULTIVAR, NA~KING, CF C~STANEA MOLLISSI~A. 

*** TREE WCUNDEO BUT NCT INCCULATEC. 

1. PERICLINALLY ORIENTED WOUND PERIDERM. 
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Table B. Final canker lengths for, canker growth rates fa~ and biocontrol of West Virginia 
virulent strains of Endothia parasitica by an American hypovirulent strain 
of!· oarasitica in 1978. 

American 
w-2 

Virulent inoculation sub- final 1. slope of2' t3' fraction 
Isolates type plot canker canker statistic of cankers 

length growth showing 
curve biocontrol 

cm cm/day 
v I 2T:"6 0.1146 0.212 V+H 28.4 0.1181 
v II 16.4 0.0839 -11.415 V+H 11. 2 0.0082 2/4 

CR v III 20.6 0.0971 0.523 V+H 18.9 0.1003 
v IV 17.8 0.1226 -3.165 V+H 7.1 0.0306 

v I 22.4 0.0947 1.963 V+H 22.8 0.1138 
v II 19.8 0.0890 -0.089 Ep39 V+H 14.3 0.0883 0/4 v III 18.4 0.0656 3.053 V+H 19.l 0.1066 
v IV 13.3 0.0957 2.104 V+H 15.6 0.1131 

v I 16.4 *** possible 
V+H 12.0 *** control 
v II 25.6 0.1106 0.305 Weekly V+H 20.7 0.1150 0/4 
v III 16.5 0.1101 -0.766 with 

V+H 16.4 0.1004 two 
v IV 6.0 ** possible possible 

V+H 12.7 0.0820 control 

1. The length by dissection, of the cankers 137 or 138 days after inoculation, with 
exceptions noted by footnotes. 

2. The slope, by linear regression, of canker length versus time. From five to seven 
points spaced at least 14 days apart were used in the determination. 

3. Computed according to the method of Sokal and Rohlf (1969). Values less than -2.4 
imply significant differences between the two slopes at the 5% level or better. 

4. The length, by dissection, of the cankers 93 days after inoculation. 
5. The length, by dissection, of the cankers 123 days after inoculation. 
* Tree killed by blight during experiment. 
** No canker spread more than l cm beyond the initial lesion(six weeks after inoculation). 
*** No reliable growth data obtainable due to thick outer bark obscuring canker margin. 
**** Inoculation failure. 
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Table 'B cont. Final canker lengths for, canker growth rates for, and biocontrol of West 
Virginia virulent strains of Endothia parasitica by a French-derived 
American hypovirulent strain of!· parasitica in 1978. 

French-derived American 
Ep3 

Virulent inoculation sub- final 1 slope of 2 t3 fraction 
Isolates type plot canker canker statistic of cankers 

length growth showing 
curve biocontrol 

cm cm day 
v I 18.°l 0.1255 -3.57 V+H 14.5 0.0519 
v II 14.5 0.1005 -0.04 CR V+H 12.5 0.0829 2/4 v III 17.8 0.0895 

V+H 7.5 0.0082 -12.50 
v r.v 16.0 0.1330 0.10 V+H 19.l 0.1356 

v I 18.34 ' * no 
V+H 11.54. * control 
v II 14.6 0.1017 -1.656 Ep39 V+H 15.3 0.0767 0/3 v III 20.3 0.0720 3.453 V+H 20.6 0.0929 
v IV 6.0 ** 

V+H 6.0 ** 
v I 13. 5 0.0984 -3.531 V+H 9.1 0.0432 
v II 11. 6 0.1283 -1.035 Weekly V+H 14.4 0.1084 1/4 v III 14.6 0.1143 -0.104 

V+H 15.9 0.1130 
v IV 10.8 0.0984 3.186 V+H 16.5 0.1526 

1. The length by dissection, of the cankers 137 or 138 days after inoculation, with 
exceptions noted by footnotes. 

2. The slope, by linear regression, of canker length versus t:ime. From five t:o seven 
points spaced at least 14 days apart: were used in the determination. 

3. Computed according to the method of Sokal and Rohlf (1969). Values less than -2.4 
imply significant differences between the two slopes at the 5% level or better. 

4. The length, by dissection, of the cankers 93 days after inoculation. 
5. The length, by dissection, of the cankers 123 days after inoculation. 
* Tree killed by blight during experiment. 
** No canker spread more than 1 cm beyond the initial lesion(six weeks after inoculation). 
*** No reliable growth data obtainable due to thick outer bark obscuring canker margin. 
**** Inoculation failure. 
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Table B cont. Final canker lengths for, canker growth rates for,and biocontrol of West 
Virginia virulent strains of Endothia oarasitica by a French-derived 
American hypovirulent strain of !· 2arasitica in 1978. 

French-derived American 
Epl4 

Virulent inoculation sub- final 1 slope of 2 t3 fraction 
Isolates type plot canker canker statistic of cankers 

length growth showing 
curve biocontrol 

.!:!! cm/day 

v I 16.4 0.1386 -L.246 V+H 14.1 0.1074 
v II 15.3 0.0824 -13. 774 CR V+H 5.3 0.0018 1/4 v III 19.8 0.1392 

V+H 19.5 0.1266 -0.989 
v IV 18.0 0.1028 2.146 V+H 18.0 0.1403 

v I 17 .o 0.1208 -5.970 V+H 10.0 0.0070 
v II 4.0 ** no 

Ep39 · V+H 11. 7 0.1145 control 2/4 v III 15.4 0.1096 0.005 V+H 14.9 0.1096 
v IV 18.9 0.1393 -2.841 V+H 4.0 0.0109 

v I 19.5 0.1516 -7.688 V+H 14.0 0.0732 
v II 16.5 0.0696 -8.20.5 Weekly V+H 10.5 0.0028 4/4 v III 18.l 0.0926 -6.106 V+H 9.5 0.0186 
v IV 15.9 0.1260 -10.05 V+H 6.7 0.0282 

1. The length by dissection, of the cankers 137 or 138 days after inoculation, with 
exceptions noted by footnotes. 

2. The slope, by linear regression, of canker lepgth versus time. From five to seven 
points spaced at least 14 days apart were used in the determination. 

3. Computed according to the method of Sokal and Rohlf (1969). Values less than -2.4 
imply significant differences between the two slopes at the 5% level or better. 

4. The length, by dissection, of the cankers 93 days after inoculation. 
5. The length, by dissection, of the cankers 123 days after inoculation. 
* Tree killed by blight during experiment. 
** No canker spread more than l cm beyond the initial lesion(six weeks after inoculation). 
*** No reliable growth data obtainable due to thick outer bark obscuring canker margin. 
**** Ino.culation failure. 
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Table B cont. Final canker lengths for, canker growth rates for,and biocontrol of West 
Virginia virulent strains of Endothia parasitica by an Italian hypo-
virulent strain of·!· earasitica in 1978. 

Italian 
Ep66 (agar discs) 

Virulent inoculation sub- final 1 slope of2 t3 fraction 
Isolates type plot canker canker statistic of cankers 

length growth showing 
curve biocontrol 

cm cm/day 
v I 19.6 0.0996 -2.511 V+H 13.5 0.0685 
v II 19.l 0.0768 2.340 CR V+H 19.2 0.1056 2/4 v III 16.5 0.1095 -0.066 V+H 11. l 0.1085 
v IV 16.4 0.1097 -5.600 V+H 12.7 0.0606 

v I 16.0 0.1317 0.1235 V+H 17.6 0.1360 
v II 16.5 0.0899 -0.0397 Ep39 V+H 22.4 0.0852 1/4 v III 20.0 C>.1091 

V+H 19.5 0.1169 0.626 
v IV 14.8 0.1286 -4.071 V+H 11.4 0.0853 

v I l0.14• * no 
V+H 11.04· * control 
v II 14. 2 0.1189 -1.461 Weekly V+H 13.8 0.0862 0/4 v III 15.9 0.0675 2.443 V+H 16.4 0.0877 
v IV 13. 5 0.1045 no 

V+H 17.8 *** control 

l. The length by dissection, ef the cankers 137 or 138 days after inoculation, with 
exceptions noted by footnotes. 

2. The slope, by linear regression, of canker length versus time. From five to seven 
points spaced at least 14 days apart were used in the determination. 

3. Computed according to the method of Sokal and Rohlf (1969). Values less than -2.4 
imply significant differences between the two slopes at the 5% level or better. 

4. The length, by dissection, of the cankers 93 days after inoculation. 
5. The length, by dissection, of the cankers 123 days after inoculation. 
* Tree killed by blight during experiment. 
** No canker spread more than l cm beyond the initial lesion(six weeks after inoculation). 
*** No reliable growth data obtainable due to thick outer bark obscuring canker margin. 
**** Inoculation failure. 
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Table B cone. Final canker lengchs for, canker growch races for, and bioconcrol of West 
Virginia virulenc scrains of Endothia parasicica by an Italian hypo-
virulent scrain of!· parasitica in 1978. 

Italian 
Eo66 (mycelial balls) 

final 1 ? t3 Virulent inoculation sub- slope of- fraction 
Isolates type plot canker canker statistic of cankers 

length growth showing 
curve biocontrol 

cm cm/day 
v I 18.0 0.1285 -0.587 V+H 12.5 0.1192 
v II 16.6 0.1155 -2.516 CR V+H 13.5 0.0764 1/3 v III **** **** 

V+H **** **** wich 
v IV 13. 9 0.1022 one 

V+H 10.9 0.0876 -0.749 possible 

l. The length by dissection, of the cankers 137 or 138 days after inoculation, with 
exceptions noted by footnotes. 

2. The slope, by linear regression, of canker length versus time. From five to seven 
points spaced at lease 14 days apart were used in the determination. 

3. Computed according to the method of Sokal and Rohlf (1969). Values less than -2.4 
imply significant differences between the two slopes at the 5% level or better. 

4. The length, by dissection, of the cankers 93 days after inoculation. 
5. The length, by dissection, of the cankers 123 days after inoculation. 

· * Tree killed by blight during experimenc. 
** No canker spread more than l cm beyond the initial lesion(six weeks after inoculation). 
*** No reliable growth data obtainable due to thick outer bark obscuring canker margin. 
**** Inoculation failure. 
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RELATIONSHIP OF LESION DEVELOPMENT TO DISEASE PROGRESS, 

A MORE GENERAL MACRO MODEL FOR COfv!POUND-INTEREST DISEASE 

F.V. Hebard 

Research .A.ssoci ate, Department of Pl ant Pathol oqy and Physiology, 

Virginia Polytechnic Institute and State University, Blacksburg, 

Virginia 24061 

I gratefully acknowledge the support, advice and encouraaement of 

Gary Griffin and John Elkins, and the aid of Terry Herdman with the 

differential equations and mathematical literature. 

Vanderplank (4) has presented equations which model compound-

interest disease progress and specify the effect of latent period and 

removals. However, the effect of variation in the intensity of sooru-

lation as lesions develop has not been included in these eauations. 

This letter presents a reformulation of the fundamental equation for 

compound-interest disease proqress which accounts for variation in 

intensity of sporulation per lesion. 

The explicit assumotions of Vanderplank's models are: (1) that 

the speed of an eoidemic at time t, dy(t)/dt, is proportional to the 

tissue available for infection at time t, which is proportional to all 

tissue not already infected at time t, 1-y(t); and (2) that the speed 

at time t is proportional to inoculum at time t, which is proportional 

to incidence at time t, y(t). Thus the fundamental equation for 



compound-interest disease is: 

dy(t)/dt = ry(t)[l-y(t)]. 
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(1) 

When correctinq for latent period, Vanderplank says that the ino-

cul um at time tis proportional to incidence at time t-p, y(t-p), 

where p is the lenqth of the latent period. This results in the dif-

ferential delay eauation: 

dy(t)/dt = Ry{t-p)[l-y{t)]. (2) 

To correct for removals after an infectious period, i, lesions which 

have finished sporulatinq, y(t-o-i), are subtracted: 

dy{t)/dt = Rc[y{t-p)-y(t-p•i)][l-y{t)]. (3) 

Thus Vanderplank alters the sub-assumption of assumption 2 regarding 

the relationship between inoculum and incidence. In the present re-

formulation it is assumed that inoculum is prooortional to number of 

lesions (incidence) multiplied by rate of sporulation per lesion. To 

do this, it is necessary to express incidence on a per lesion basis; 

incidence is calculated as the number of lesions divided by the maxi-

mum potential number of lesions. The rate of sporulation per lesion 

of aqe tis described by an arbitrary function, denoted A{t). Spores 

are assumed to be released as soon as they are formed. 

The reformulated equation is derived as a difference equation. 

To initiate an epidemic, the initial inoculum is described by an arbi-

trary function, denoted I(t). This reflects the uncertain source of 

initial inoculum. The soorulation of any lesions extant at time to, 
of incidence y(t0 ). is described bv I(t). Then the speed of 
the epidemic from time t 0 to ti, [y{t1)-y{t0 )]/[t1-t0 ], is proportional 

to the initial inoculum at time t 0 , I(t0 ), multiplied by tissue avail-

able for infection, [1-y(t0 )],so that: 
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( 4) 

Rae is the infection rate corrected for latent period, removals and 

variation in intensity of sporulation. From time t 1 to t 2, speed is: 

y(t )-y(t ) . 
t2-t 1 = Rac{I(t1)+A(t1)[y(t1)-y(ta)]}[l-y(t1)J. (5) 
2 1 

I(t1) is the amount of initial inoculum at time t 1. A(t1 )[y(t1)-y(ta)J 

is the inoculum for lesions of age t 1, A(t1) being the rate of sporula-

tion of lesions of age t 1, and [y(t1)-y(ta)J being the incidence of 

lesions of age t 1, formed at time ta. From time t 2 to t 3: 

y(t3)-y(t2) 
t3-t2 = Rac{I(t2)+A(t2)[y(t1 )-y(ta)J+ 

A(t1)[y(t2)-y(t1)]}[1-y(t2)J. (6) 
A(t2)[y(t1)-y(ta)J is the inoculum for lesions of age t 2, which were 
formed at time ta· A(t1)[y(t2)-y(t1)J is the inoculum for lesions of 
age t 1, which were formed at time t 1. Generalizing: 

y(tn+l)-y(tn) n-1 · 
t' -t = Rae {I ( tn )+E.;=0A( tn-J·) [y ( tJ. + 1 )-y ( tJ. )]}[1-·y(tJ] .( 7) 
n+l n J 

This becomes :an integro-differential equation as the intervals between 

time units become small: 

dy(t)/dt = Rac{I(t)+!~aA(t-s)dy(s)}[l-y(t)]. (8) 

A(t) can be any arbitrary function, such as a power series, 

describing the rate of sporulation of a lesion over time. It therefor~ 

incorporates in one term latent period, removals, sporulation intensit~ 

and its development in time. This avoids problems in estimating the 

latent period, and it relates lesion development to progress of an 

epidemic. Sometimes A(t) itself varies with the age of an epidemic. 

-
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Then the rate of sporulation can be described by a series of functions, 

A1(t), A2(t), ... , An(t), where, for example, A2(t) describes the rate 

of sporulation over lesion age of a lesion formed at epidemic aqe 2. 

This happens durinq epidemics of chestnut bliqht in clearcuts (1). 

In Figure lA, four hypothetical curves are presented which de-

scribe rate of spore formation per lesion during the life of the lesion. 

Curve! represents the assumptions concerninq this made by Vanderplank 

(4) in equation 3. In curve !, the latent period is 4 time units long, 

the infectious period is 12 time units long, and the intensity of spor-

ulation is constant at 18 sporulation units. Equation 8 reduces to 

equation 3 when A(t) has the form of curve ! with arbitrary latent and 

infectious periods, and a sporulation intensity of l. To see this, 

change variables in the Riemann-Stieltjes integral in equation 8, let-

ting u = t-s and du = -ds. Then: 
0 

dy(t)/dt = Rac{I(t)+ 1 t-t0A(u)(-l)d~y(t-u)}[l-y(t)]. 

= Rac{I(t)+I~-t0A(u)duy(t-u)}[l-y(t)]. (9) 

Since A(u)=O except when t0+p~u~t0+p+i, and then A(u)=l, the integral 

is not zero only between the limits. Integrating between them, with 

t-t0 >p+i, we obtain: 

dy(t)/dt = RacO(t)+y(t-t0 -p-i)(-l)-y(t-_t0 -p)(-l)}[l-y(t)] 

= Rac{I(t)+y(t-t0 -p)-y(t-t0-p-i)}[l-y(t)]. (10) 

Letting t 0=0 and I(t)=O gives equation 3. Thus equation 7 is a more 
general form of equation 3. The difference equation also does not 

require as much mathematical sophistication to derive and, with a 

computer, to manipulate. The identity of equations 7 and 1-3 demon-

strates the basic similarity of micro and macro models of disease. 

progress (5). Equation 7 could be expanded into an elaborate micro 
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mode 1, but it also can be fit to disease progress curves and Rae esti-

mated. Such a dual aoproach miqht give insight into the importance of 

the components of Rae' as Waggoner has suggested (5). 

In Figure lA, the positive portion of curve ~is a sine curve 

evaluated from 0 to 180 deqrees. The positive portion of curve.£ is a 

straight line of slope 3, and that of curve d is the quadratic equa-

tion A(t)=l .5(t-4)2. For all curves, the latent and infectious periods 

are 4 and 12 time units lonq, resoectively. The four curves have the 

same area under the curve, so they all represent lesions with identical 

cumulative intensities of sporulation. In Figure 18 are presented 

solutions of equation 7 utilizing the rate of lesion sporulation curies 

of Figure lA. It can be seen that different patterns of lesion 

sporulation give different simulated disease progress curves. Re, R 

and r are different for the curves but Rae is not. Curve .£of Figure 

lA might be observed if a lesion exhibited successive, concentric 

circles of sporulatinq surface as it grew radially. Curve .9._ might be 
observed if the successive stages of sporulation overlapped. The ore-

cipitous drops in sporulation rate probably would not be observed. 

Curve ~might describe the rate of sporulation of a single uredium of 

Puccinia graminis. 
Figure lC shows the rate of spore formation ner population during 

(and after) the simulated epidemics of Figure 18. These curves are 

the numeric values the summation term of equation 7 (integral of equa-

tion 8) assumes during the simulated epidemics. If spores were re-

leased immediately after formation, these curves depict the number of 

spores one would expect to trap during epidemics of these types. 

Because of the long infectious and latent periods assumed in this 
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exampl e, spore production does not peak until incidence has reached 1. 

Figure 10 shows the mean rate of spore formation per lesion during the 

simulated eoidemics. These curves are the numeric values of the sum-

mation of equation 7 divided by the fraction of sporulating lesions, 

y(t-p) - y(t-p-i). The dips in curves 2_, .£and .s!. occur primarily 

because: 1) the number of newly sporulatinq lesions (with a low rate of 

sporulation) suddenly increases around time unit 10, thus decreasing 

mean sporulation per lesion. In addition, the dips occur because: 2) 

the lesions created by the initial inoculum, which was set at a cons-

tant value and then suddenly was decreased to zero, stop sporulating 

as a group, leavinq many younger, low-sporulating lesions. Reason 2 

is an example of an epidemic 11 remembering 11 (4). One would not expect 

to observe it generally in nature because of biological variability. 

The.effect of reason 1 is decreased as the latent period decreases .. 

If, in addition, the initial inoculum is small, mean sporulation per 

population for curves £_, .£and .s!. is rouqhly similar to that for curve 

a. Values of the type in Figures lC and 10 can be generated from 

equation 3 in conjunction with an equation for rate of sporulation per 

lesion. But that is how equation 7 was discovered. 
The most serious problems for this and other equations for disease 

progress center around the correction term, [1-y(t)]. Vanderplank (4) 

has not discussed the systemic effect of lesions in removing non-lesion 
host tissue, which introduces additional parameters that are difficult 

to measure. Chestnut blight is an extreme example where a local lesion 

often kills the entire shoot. For this reason, chestnut blight inci-

dence is best expressed on a per plant basis. The Poisson distribu-

tion can fit the pattern of the number of chestnut blight cankers per 
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pl ant (Hebard, Griffin and Elkins, unpublished data), so Greqory's 

multiple~infection correction (4) can be used to convert proportion of 

infected plants to oroportion of lesions for use in the summation term 

of equation 7. Less extreme examples would be more difficult to 

model . 

The Poisson distribution fits chestnut blight canker pattern 

during epidemics in clearcuts only when incidence is expressed on the 

basis of sporulatinq trees divided by sporulating and, uninfected trees. 

This is so because the number of propagules is increasing during the 

eoidemic. This suggests that the change in distribution of lesions 

per plant durinq an epidemic could be an easily obtained measure of 

the effect of inoculum density on disease progress. 

Equations similar to equations 7 and 8 were derived in a similar 

manner by Kermack and McKendrick in 1927 (3). Their formulation 

differed in that the forcing function of equations 4-8, I(t),was depen-

dent on the past history (t0 and before) of the epidemic, with no pro-

vision for inoculum coming from outside the population. The liter-

ature on periodicity and stability in epidemic models including those 

of the type here presented has been surveyed (2). 

LITERATURE CITED 

1. Hebard, F.V., G.J. Griffin, and J.R. Elkins. 1981. Relationship 

of sprout diameter to canker area and incidence of blight on Amer-

ican chestnut. (Abstr.) Phytopathology 71: 224. 

2. Hethcote, H.W., H.W. Stech, and P. van den Driessche. 1981. 

Periodicity and stability in epidemic models: A survey. In: 

Differential Equations and Applications to Ecoloqy, Epidemics and 



-292-

Popul ati on Problems. Ed. by S. Busenberq and K. Cooke. Academic 

Press, New York. In press. 

3. Kermack, W.O., and A.G. McKendrick. 1927. A contribution to the 

mathematical theory of epidemics. Proc. Roy. Soc. A. 115:700-721. 

4. Van der Plank, J.R. 1963. Plant Diseases: Epidemics and Control. 

Academic Press, New York. 349 +xvi o. 

5. Waggoner, P.E. 1978. Computer simulation of epidemics. Pages 

203-222 in: Plant Disease, An Advanced Treatise, Volume II, How 

Disease Develops in Pooulations. Ed. by J.G. Horsfall and E.B. 

Cowlinq. Academic Press, New York. 



-293-
Fi gure 1. Values generated with equation 7, [y(tn+l)-y(tn)]/[tn+l-tn] = 

Rac{I(tn)+Ej:6A(tn-j)[y(tj+l)-y(tj)]}[l-y(tn)], or parts 
therof, when Rae= o.s; I(t)=0.01 for Ost<4 and I(t)=O for 

t~4; y(t0)=0.0l; and when there were ten iterations per unit 

time. (~J Assumed values for A(t). For all curves, A(t)=O 

for Ost<4 and for t~l6. For 4st<l6, A(t) equals: a) 18; b) 

18sin(tl~xl80); c)3{t-4); d) l.S(t-4)2. (~) SJ~W.ulated values 

of y(tn+l) at different values of n, using the cortespon-

ding A(t) from A. (f.) Simulated values of Ej:6A(tn-j)[y(tj+l) 

-y(tj)] at different values of n, using the corresponding 

A(t) from A. (Q) Simulated values of Ej:6A(tn-j)[y(tj+l)-

y(tj)]+[y(tn-p)-y(tn-p-i) at different values of n, using 
the corresponding A(t) from A, where p and i are the latent 

and infectious periods_ (4 and 12 time units) respectively. 
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BIOLOGY OF VIRULENT AND BYPOVIRUtENT. 

ENDOTHIA· PARASITICA 

ON 

AMERICAN CHES7NUT (CASTANEA DENTATA) 

by 

Frederick Vanuxem Hebard 

(ABS!RACT) 

Results of inocu.lations of 9rafts1 seedlings, excised 

stems, and intact trees of large, surviving American 

chestnut indicated that some have heritable blight 

resistance. Some degree of resistance in American chestnut 

possibly wou.ld assist spread of hypovirulence (H) fac·tors. 

The pathogenicity of the H isolate but not the V (virulent) 

isolate appeared to influence the size and sporulating 

characteristics of biocontrolled H+V cankers. 

The histopathology 

resistant Chinese and 

of canker deve1opment on 

blight-resistant and 

.blight-

blight-

susceptible American chestnut vas exa.mined after inoculation 

with V and H ~- _parasitica. Rapid formation and continual 

growth 0£ mycelia1 fans distinguished chestnut blight 

cankers incited by V !· Earasitica from those incited .by H 

~- parasitica., and distinquished cankers on susceptible 

chestnut from. cankers on resistant chestnut. Differences 

among such cankers in wound periderm and other pathological 

al.terations of bar.It and wood anatomy probabl.y were results 



o:f differences in rates of fan formation and growth. Round 

periderm .formation began at the deepest point of a wound or 

canker and progressed outward to the bark surface. 

Superficial cankers arose in resistant trees or vith 

hypovirulent fungus when slow .... forming .mycelial fans expanded 

through areas where wound periderm had not for.med. 

Rapid epidemics . of chestnut blight occur in recently 

clearcut areas but not in areas with large trees of species 

other than American chestnut, most probably because chestnut 

sprouts released after cutting become larger than they do 

whe.n overtopped by large forest trees. The size of chestnut 

sprouts appeared to influence the rate of blight p.rogress by 

setting a maximu.m l.i.mit on canker size a:nd thus canker 

sporulation. It may be possible to foster sp.cead of H 

.factors in the Appa1ac.hians.if blight epidemics in clearcuts 

can be prolonged. '!his might be done by restricting 

inoculum production. cutting and removing some blighted 

sprouts, cutting some 1arge unblighted sprouts, or 

increasing blight resistance in ·the chestnut population are 

three potential means of :restricting inoculum production. 
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