Chapter 1
LITERATURE REVIEW

For many years the American chestrtagtanea dentata (Marsh.) Borkh.] was one of
the most prized trees in the eastern United Stdtewt only provided food and shelter
for wildlife, but was highly valued by people. TAenerican chestnut was a relatively
fast growing, rot-resistant hardwood. The lumbaswighly valued for building, and it
provided a plentiful supply of sweet chestnuts thete used in various foods.
Furthermore, chestnut tree bark provided tannimmschwvere used in leather processing.
Perhaps the greatest value however was the mapesience of these very beautiful

shade trees in our landscape, and timber treagrinavdwood forests.

Unfortunately in the early part of the"@entury the chestnut blight fungus,
Cryphonectria parasitica (Murrill) Barr [=Endothia parasitica (Murr.) P.J. and H.W.
Anderson], was introduced into Bronx, New York amrsery stock from Asia. Within 50
years the fungus had spread throughout the naamge of American chestnut,
destroying nearly all American chestnut trees. ayoithe once magnificent American

chestnut tree survives predominantly as an undgrgtee species.

Cryphonectria parasitica is an ascomycete that utilizes wounds in the bérk
chestnut trees to gain access and cause infeclioa.fungus grows in the bark of the
tree, in characteristic mycelial fans, producingaaker on the tree (Heald 1926; Roahe
al. 1986). As the fungus grows, it colonizes the phi@nd moves towards the vascular
cambium and xylem tissues, destroying tissue pogresses. Research indicates @at
parasitica can utilize chestnut bark tannins as a nutrient®and that hamamelitannin,
which is found in high concentrations in Americdrestnuts but not in blight resistant
Chinese chestnut, can be used by virulent strdids jparasitica as the sole nutrient
source (Elkingt al. 1979, Elkins 1981). A tannase isolated and pdifromC.
parasitica is able to hydrolyze hamamelitannin and produdkcgecid (Fariaset al.

1994, Roanet al. 1986). It is believed that the increase in hy@rogn concentration

can break down pectin in cell walls and kill parteyroa cells (Hebaret al. 1984). Other
factors, such as phytotoxins, are also believga¢oede the advancing mycelial fans and
destroy host cells, thus allowing uptake of nutsdry the fungus (Roaret al. 1986).
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After the fungus has invaded the vascular cambindhgirdled (surrounded) the stem, it

will Kill all parts of the tree above the lethalnter.

Most cankers are sunken and produce numerousiybdies that are present in
orange stromata which contain both the asexuatcamata (pycnidia) and the sexual
perithecia. The conidiomata produce numerous tanéhd are exuded in a viscous
orange mass of liquid. Commonly, the conidia asseminated by water, either by
splashing or being washed down the tree. Conidip also adhere to insects and birds
that are able to distribute spores over greatmists (Heald 1926). The primary method
of spread, however, is believed to be the sexuaspores, which are ejected from the
openings of the perithecial necks (ostioles) ardodwwn by air currents. These currents
can carry ascospores 122 m or further (Heald 19Z6g ostioles can be seen as pin-
head-sized black dots in the stromata.

The situation is less severe in Europe, whereithedigns of chestnut blight were
observed somewhat later than in the U.S. By 1856archers noted that European
chestnut treeCastanea sativa, Mill.) were recovering from the blight (Biraghi 19b
European chestnut was demonstrated to contairtlgligigher levels of resistance @
parasitica than American chestnut (Griffin 1983), but muchtad recovery has been
attributed to naturally occurring hypovirulent stiof C. parasitica (Grente 1965).
These strains were characterized as having lowelevice, reduced fruiting capacity,
and the isolates from Europe have a white colongphndogy when grown in culture,
and are often referred to as white isolates. Thhaeacteristics were later attributed to
the presence of double stranded RNA (dsRNA) vir@stsfit and Lister 1975).
Hypovirulent strains o€. parasitica containing dsRNA have been identified in the
United States, but are rare and have not spreadytextent (Griffinet al. 1983, Elliston
1985b). Furthermore, the hypovirulent strainshiem t).S. are yellow-orange pigmented

and are difficult to distinguish from naturally ardng virulent strains.

The dsRNA viruses associated withparasitica have been extensively
characterized and have been classified in the yarypoviridae (Hillman et al. 1995).
The most highly studied dsRNA hypovirus, whichasrid naturally in European
hypovirulent strains, has been designate@rgphonectria hypovirus 1 (CHV1). CHV1

is composed of three separate dsRNA segmentstwithehorter segments are the M and
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S-dsRNA, which are 8-10 kb, and 0.6-1.7 kb, respelst No function has been
associated with these segments. They appearr&ldied to the third segment, but have
internal deletions. The last segment, L-dsRNA,2s712 bp in size, has no protein coat
and contains two open reading frames, ORF A and BRBequence homology exists in
both ORF A and ORF B with ssRNA potyviruses (Koogtial. 1991), and ORF A
contains a region that codes for the productioa pfotein (p29) that has been associated
with the suppression of sporulation and pigmentaitnaC. parasitica (Nuss 1992).
However, other research (Griffet al. 2004) indicates no association of p29 amino acid
sequences to the level of pigmentatioCirparasitica. Two types of CHV1 are
presently recognized (CHV1-Euro 7 in Italy and CHER713 in France), which have
88-89% sequence identity (Chen and Nuss 1999). heseet al. (1983) demonstrated
through freeze-substitution, and phase-contrastasgopy that virus particles (latter
determined to be CHV1) tend to accumulate in thexag growing mycelium o€.

parasitica.

Three other hypoviruses associated Witlparasitica have been identified and
characterized to a lesser extent: CHV2 (Hillnehal. 1994), CHV3 (Smartt al. 1999)
and CHV4 (Hillman 2000), which does not appeard@bsociated with hypovirulence.
CHV2 was first isolated fror®. parasitica strain NB58, found in New Jersey, and bears
similarity to a hypovirus isolated from China. CBl\dccurs naturally in Michigan and
Ontario and has been partially attributed to lihitdight control in both of those areas
(Fulbrightet al. 1983). CHV4 appears to have no effect on virudemcphenotype.
Recently, a new hypovirus from the famiRgoviridae was isolated fronC. parasitica
(Hillman et al. 2004). The virus is a double stranded RNA viruth @1 segments of
dsRNA and a protein coat. Using Koch’s Postuldtesyeovirus substantially altered the
phenotype of th€. parasitica isolates and was associated with reduced virulence

vitro; however, virulence associated with chestrintvo is still to be determined.

In 1980 a reduced hardwood competition chestnegtares plot was established in
an American chestnut plantation at the Lesesne &taest, VA on a low altitude (1,350
ft) mesic site. Scion wood from large surviving Amcan chestnut trees were grafted
into existing rootstocks in the chestnut planta(ibreraufet al. 1997). After two years

(1982-83) a mixture of 10 hypovirulent straing®iparasitica, including one French and
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three Italian white hypovirulent strains (Ep-47 -#pand Ep-51), were inoculated into
natural cankers in a zone ranging from the groont87 cm, termed the “hypovirulent
strain inoculated zone” (H-inoculated zone). TowrfEuropean hypovirulent strains
contained CHV1. Eighteen years later the thresstreere thriving despite the presence
of numerous blight cankers. These cankers ardyhsuiperficial with no necrosis or
colonization of the inner phloem or vascular cambiiDieraufet al. 1997). It was found
that the white hypovirulent strains had spreadgtt frequency outside of the H-
inoculated zone into naturally occurring cankersl{Bins and Griffin 1999).
Furthermore, no pigmented isolate collected frorside the H-inoculated zone was
found to contain dsRNA, indicating that Americarpbyirulent strains did not spread on
the trees (Robbins and Griffin 1999; Hogan andftar2002a). Based on nucleotide
sequence analysis of a 844-bp region in the h&idamain, CHV1 hypovirus isolates
from the white isolates recovered at the Lesesat $orest had high identity (98.3 —
99.5%) to CHV1—-Euro 7 (Griffiret al. 2004).

Spread of CHV1-containing strains occurs naturnalligurope (Heineger and
Rigling 1994), but with exception of the situatianLesesne indicated above, spread of
white, European, hypovirulent strains@fparasitica has not persisted to any extent in
the U.S. (Peevaat al. 1997). This may be due in part to the vast nurobgegetative
compatibility (vc) types o€. parasitica in the U.S. relative to Europe (Anagnostakis
1982). The phenomenon of vegetative compatilsityidespread in fungi. This
mechanism is believed to restrict the passagelefaet@®us nuclear or cytoplasmic
determinants from one fungal strain to anotherufhoprogrammed cell death.
Vegetative compatibility irC. parasitica is believed to be controlled by 5 to 7 loci with
two alleles at each locus, and when any one odlfeées at these loci are different the
two strains are incompatible (Anagnostakis 1982pmpatible strains df. parasitica
allow for the transfer of hypoviruses from one istta another through hyphal fusion or
anastomosis (horizontal transmission) (AnagnostakiésDay 1979). Typically, transfer
of hypoviruses does not occur rapidly between iidials of different vc typesh vitro,
however, this sometimes depends on the numbecbiith differing alleles and on the
specific loci that differ (Liu and Milgroom 1996,ubder and Fulbright 1994).
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When hypoviruses are transmitted to virulent sgaihe virulent strains can be
converted to hypovirulent strains, but this hypolance conversion generally occurs
more slowly, or does not occurvitro when isolates are in different vc types.
Anagnostakis (1983) demonstrated that weekly in@iinle interactions could result in
hypovirulence conversiom vitro. Biellaet al. (2002) indicated that this may be the
result of delayed cell death. Transmission of lwquses is inversely related to the rate
of programmed cell death. When cell death occapgty, very little hypovirus
transmission occurs; however, if the rate of celitt is slowed, hypoviruses can
sometimes be transmitted between incompatiblenstraiui and Milgroom (1996) have
identified a direct correlation between the nunidferc genes that are different and a
lack of hypovirulence conversian vitro, and Huber and Fulbright (1994) indicated that
changes at specifigc loci have differing effects on hypovirus transmissi Currently,
most workers favor the belief that vegetative inpaitibility is a major barrier to
successful biocontrol of chestnut blight due toftikire of hypovirulent strain
inoculation to control blight on American chestinges in several trials. For example,
Hobbinset al. (1994) found that vegetative incompatibility wastrictive to CHV1
transmission irC. parasitica on artificially inoculated forest American chestinges,
and no blight control was obtained after 52 weeRther data suggests that vegetative
incompatibility can be overcome to some degreairkers, although blight control was
still not obtained in these studies (Grente 19&hain and Miller (1992) have provided
evidence that on American chestnut trees in a feiggation, artificial inoculation of
CHV1- infected strains can partially overcome vageé incompatibility and convert
virulent straingn vivo if left in contact for a long period of time (65 ®&les); however,
CHV1 did not persist at this location (Peeeeal. 1997). Hogan and Griffin (2002a)
have provided evidence that CHV1 has spread int@aat 45 different vc types on
grafted American chestnut trees in the Lesesndailan, where high levels of blight
control have been observed for more than 20 yelns. grafted American chestnut trees
in this study were derived from large survivorsg @arlier tests indicated that low levels
of blight resistance in the grafted trees may haeeided the extended time needed for

CHV1 spread, hypovirulence conversion and bligmti (Robbins and Griffin 1999).

In 1998-2001, 110 white isolates were collectednfsiem and branch cankers
from outside the H-inoculated zone of the graftedetican chestnut trees at the Lesesne
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State Forest. These isolates were classified tgpgeand colony morphology (CM)
groups using single-spore isolates. A total oti#terent vc types were identified from
the 110 white isolates collected. Vegetative caibpiy tests revealed that none of the
four inoculated white strains were compatible visthlates from the twenty-five major vc
types (those consisting of two or more isolateshidied in this study. It appears
therefore that the CHV1 hypoviruses, instead ofitleeulated white isolates, have
spread and 45 vc types represent the minimum nuafbew vc types into which CHV1
had moved. This finding contradicts the beliett Nadiversity poses a major barrier to

the spread of hypovirulence (Hogan and Griffin 2802

Elliston (1985a) identified a correlation betweka specific hypovirulence agent
(dsRNA strain) and the colony morphology of Eurapesiite hypovirulent isolates,
while Chen and Nuss (1999) demonstrated that thetgpe ofC. parasitica may also
contribute to the colony phenotype of CHV1-infectealates. Additional studies have
used different criteria for classifying the Europég/povirulent strains, such as amount
of sporulation, presence of orange concentric rargscolor of mycelium. Bonifacio
and Turchetti (1973) were the first to note thespree of “intermediate” isolates, and
described them as having “small pycnidia distridutaeiformly on the whole colony”.
More recently, Coskusat al. (1999) described normal virulent strains as ttibaehad
“cream colored mycelium, abundant orange pycnidatsred within concentric rings
and spore tendril production”. Hypovirulent iselathad “white mycelium and few and
large pycnidia” and intermediate isolates weresifeesl as “whitish-cream mycelium
with pycnidia uniformly distributed over the entzelony”. These descriptions of
Coskunet al. (1999) assume that no pigmented strain can bevirgpent and allow for a
great deal of subjectivity in rating virulence sngathogenicity trials have not been used
by most European researchers. Furthermore, thé&wuof intermediate isolates
collected from this and other studies is significiiowever often these isolates are
classified by most workers to the pigmented, vinulgategory. Robbins and Griffin
(1999) classifiedC. parasitica isolates using a system whereby isolates wereittgbas
pigmented when more than 50% of the colony is pigettafter 7 and 14 days and they
designated isolates white when the colony surfa&®% or more white. This system
helps with classification; however, it allows farlp two categories and a vast amount of
morphological variation between and among both pigi@d and white groups.

Chapter 1: LITERATURE REVIEW 6



Hogan and Griffin (2002a) classified 110 white, dypulentC. parasitica
isolates recovered from natural cankers into fastirttt colony morphology (CM)
groups. CM group 1 colonies had white centers witlite, fast-advancing margins; CM
group 2 colonies had white centers with light tokdarown, wavy margins; CM group 3
colonies had white to moderately pigmented ceméis numerous pigmented yellow-
orange pycnidia on the margins and sometimes tlomgovas greater than 50%
pigmented; lastly, CM group 4 colonies had lightllow-orange pigmented centers
with white, fast-advancing margins. Of the fourjon&CM groups, CM1 and CM3 were
the most predominant and many of them could beidered intermediate in
pigmentation. Furthermore, these two CM groupsvieund among the single-spore
colonies in three of the four original Italian wdihoculated strains. It appears therefore
that some CHV1 strains from the origir@lparasitica hypovirulent isolates, inoculated
into the grafted trees at Lesesne, contain CHVillthae greater fithess for spread than
others. The work of Hogan and Griffin (2002a), Kioset al. (1999) and Bonifacio and
Turchetti (1973) demonstrate (1) the prevalendatefmediate-pigmented isolates in the
U.S. and Europe; (2) there is inadequate informatio the presence of dsRNA
hypoviruses in intermediate isolates; and (3) thpdrtance of intermediate isolates as
part of biological control of chestnut blight usingpovirulence. Therefore, for all these

reasons, intermediate isolates must be studied exdeasively.

This vc and CM typing provides limited informatiabout the population
structure of theC. parasitica isolates on the grafted trees at Lesesne Stasst-drfurther
knowledge of theC. parasitica reproductive capabilities in the cankers at Lesesuld
provide information regarding the source of inocalar method of fungal spread. Vc
typing has given some insight, but the spread ajrecips could be due to clonal
propagation, either by conidia or hyphal fragmeatd)y the airborne ascospores
produced by sexual mating. Abundant infection $gogpores should result in high
genetic diversity oC. parasitica on the grafted trees. Currently, ascospores appdze
the primary method of spread; however ascosporemtioarry the CHV1 virus and the
vast majority of cankers at Lesesne contain wiitdates (Hogan and Griffin 2002a,
Robbins and Griffin 1999). Therefore, cankers ddag formed by either sexual or
asexual inoculum, but the spread of CHV1 is méstyi due to subsequent spread of
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CHV1-containing asexual inoculum (vertical transsios) or by vectors such as mites
(Wendtet al. 1983).

Experimentation in biocontrol of chestnut blightngshypovirulence necessitates
the identification of strains df. parasitica, which have greater ecological fithess or
superior traits for CHV1 spread. In the previously (Hogan and Griffin 2002a), a
number of CHV1-infecte€. parasitica isolates in the same vc type were recovered from
different cankers, and even different grafted trdésrthermore, the cankers at Lesesne
were composed of multiple vc types; however, ongype in each canker appeared to

dominate the others.

The movement of CHV1 within a vc type is also opontance for biological
control, and can be investigated using spatiabpattudies. The spatial pattern of white
isolates within individual cankers at Lesesne vmagstigated using a 7x7 lattice grid
(Hogan and Griffin 2002b). One branch and one msteém canker was sampled on each
of the three trees yielding a total of forty-nirerk-core samples. The isolates were
identified as to white or pigmented for each cardeedt the vc type was identified for all
isolates in two of the cankers. All but one cant@mtaining white isolates had a random
pattern of white isolates, and both of the canlagastified to vc type indicated that the
majority of white and pigmented isolates were ie dominant vc type. Frequently,
lattice cells containing white isolates were adgairto lattice cells containing pigmented
isolates in the same vc type, indicating no spaBalration. This finding suggests there

is incomplete movement of CHV1 within a vc tyipevivo.

One possible explanation for the lack of virus mmoeat within a vc type is that

the fungus developed resistance to virus infectiBalashoclet al. (1994) identified a
virus-resistant mutant @. parasiticain vitro. A hypovirulent, dsRNA (CHV2)-
containing strain o€. parasitica, NB58, produced a “phenotypically-distinct sectior”
culture, which was found to be free of dsSRNA. Tires-free sector was found to be
isogenic with the parent, and multiple conversiairipgs between the parent and other
vegetatively compatible virus-containing straingevensuccessful. This lack of
conversion was consistent regardless of viralrstréi similar sectoring phenomenon

was observed with white CHV1 containing isolate L¥513b (Hogan and Griffin
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2002b). Single spores from this field isolate weiggmented upon isolation, yet gave rise

to a white sector on three separate mass trarsféne pigmented colony.

Another explanation for incomplete CHV1 movemenaivc type is that thé.
parasitica thallus was separated into functional units. Rayh991) argues that the
mycelium is a “functional unit, an individual”. €3n (1999) has adapted this idea to
form a model whereby the entire mycelium of a funigdividual is one genetic
mycelium unit (GMU), which is composed of a numbg&functional mycelium units
(FMU). According to this model the FMUs, which nealsp the GMU, may act
independently of each other, or in associationughohyphal anastomoses. When acting
in association, the FMUs could communicate withheatber through nutrient
translocation, or signaling. Olson (1999) has higpsized that signaling may form as a
result of variable nutrient supplies in the envir@nt of the thallus. It has been
suggested that intracellular nitrogen reserve casungay stimulate long-distance
electrical signals within the fungal mycelium (Watkon 1999). Through signaling,
parts of the fungal thallus may then die-back aadspof the thallus closest to nutrients
may thrive, thus producing FMUs. This hypothesialso supported by Davidsenal.
(1996), who demonstrated that “shifts in mycelialtern can be explained by purely

contextual, rather than genetic changes.”

Because a FMU shares nutrients, identificationMtJs is observable through the
use of radiolabeled nutrients, followed by autoogdaphy. Timoneset al. (1996), and
Olsson and Gray (1998), have used this techniqigetdify the reallocation patterns of
nutrients in intact mycorrhizal systems, and agamm cultures. Both studies identified
special patterns of movements in the mycelium.o@knd Gray (1998) found tangential
movement of nutrients along the hyphal front ofraggawn cultures, indicating

anastomosis along the periphery of the colony.

Another possible explanation for incomplete hypasimovement in a vc type is
that the age of mycelium plays a role in virus mmoeat throughout a thallus. Shain and
Miller (1992) demonstrated incomplete movement BIMI throughout an artificially
established canker composed of one vc type. Aidlfy established cankers were
challenged at the base with a vegetatively comfga@biV1 containing strain ot.

parasitica, and fungal isolates were taken from all parthefcanker over a period of 65
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weeks. Fungal isolates taken from the peripheth@icanker contained hypovirus;
however, most isolates taken from the center ot#mker were found to be free of
hypovirus. It is possible therefore that the hypeswas unable to spread to the oldest
part of the canker, the center, because the olgleelmm was not functional, yet still

viable.

Trinci and Collinge 1974, and Markham and Collid§@87 proposed that
woronin bodies can explain why some nutrients dohasmic entities are restricted to
areas of the fungal thallus. Woronin bodies arerosicopic organelles present in the
cytoplasm of filamentous fungi which are considteassociated with the septal pore.
Newhouseet al. (1990) identified woronin bodies {@. parasitica which occluded the
septal pore; however, these workers did not consiepossibility that woronin bodies
were restricting hypovirus movement. The preseariaeoronin bodies irC. parasitica
could contribute to the formation of FMUs or actonjunction with the age of th&

parasitica thallus to restrict hypovirus movement.

Environmental factors also appear to play a roleiafogical control. Griffin
(1992) and Griffiret al. (1991) suggested that low altitude, mesic siteh Vonv
hardwood competition are the most favorable to tthedlight biological control with
hypovirulence. Furthermore, an increase in elgggdeakage from American chestnut
bark tissue, a measure of plant stress, and breakdbsuperficial cankers derived from
hypovirulent strain inoculation, have been demautstt at high altitudes (1067 — 1158
m) versus low altitude (180 m) (Griffin 2000). Taffects of high altitude and the
associated low temperatures on CHV1-infected srailC. parasitica have not been
examined extensively; however, some evidence hasrsthat freezing temperatures (-
10°C) has a deleterious effect on hypovirus survimahie fungus (Frieset al. 1992).
Knowledge of the effects of environmental factarshsas low temperature on CHV1-
infectedC. parasitica is imperative in a biocontrol system. The oveohljectives of this
study are: (1) to determine the frequency and piyprodiversity of CHV1-infected.
parasitica isolates recovered from stromata and canker tiesa¢ed on grafted
American chestnut trees at the Lesesne State Fandsrtificially established cankers on
American chestnut at Paint Bank, Jefferson Natiéoaést; (2) to determine the presence

or absence of CHV1-Euro7 hypovirus in intermed{&@% to 70% pigmentation) single-
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spore isolates of Ep-49('99) and intermediate igslaecovered from American chestnut
research plots; (3) to investigate the roles obeplage, resistance to hypovirus infection,
and functional mycelial units in the failure of CH¥o move throughout a vegetative
compatibility type ofC. parasiticain vitro; and (4) to examine the role of low
temperatures and topographic site (elevation) ol Cslrvival withinC. parasitica

coloniesin vitro andin vivo.
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