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Review article Article de synthése
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The following review gives an overview of current research in the area of molecular and cellular interactions in
Dutchelmdisease. This vascular wilt disease is caused by the fungus Ophiostoma ulmi and is transmitted from diseased
to healthy trees by the elm bark beetles. Fungal toxins are described which are associated with pathogenesis, one of
which, cerato-ulmin, is under investigation at the molecular level, particularly regarding its mode of action and
localization. The fungus has also been examined at the molecular level to differentiate between aggressive and non-
aggressive isolates on the basis of protein and nucleic acid profiles. Genetic linkage maps are being developed to
correlate disruption of certain genes with the loss of pathogenicity. Viral and bacterial antagonists of the fungus, which
may serve as biological control mechanisms for Dutch elm disease, have been characterized, ashave several of the active
molecules responsible for control. Host responses are also discussed at the molecular and biochemical level, including
phytoalexins and defense mechanism elicitors. Several lines of investigation are discussed to provide an overview of
molecular approaches to understanding and manipulating the organisms involved with the ultimate goal of controlling
Dutchelmdisease.

Sticklen, M.B., M.G. Bolyard, R.K. Hajela,and L.C. Duchesne. 1991. Molecular and cellular aspects of Dutch
elmdisease. PHYTOPROTECTION 72:1-13.

Cetarticle de synthese présente une revue des recherches concernant les interactions moléculaires et cellulaires de
lamaladie hollandaise de1’orme. Cette maladie, causée parle champignon Ophiostoma ulmi, provoque un flétrissement
vasculaire et elle est transmise d’ormes infectés a des ormes sains par des scolytes. Des toxines fongiques sont décrites
enrelation avec la pathogénése, I’une d’elles, la cérato-ulmine, étant sous investigation au niveau moléculaire, plus
particulierement en ce qui concerne sonmode d’action et salocalisation. Le champignon a aussi été examiné au niveau
moléculaire pour différencier des isolats agressifs et non agressifs sur la base de profils protéiques et d’acides
nucléiques. Des cartes de lien génétique sont en développement afin de corréler la perturbation de certains génes avec
la perte du pouvoir pathogeéne. Des antagonistes viraux et bactériens du champignon, qui peuvent étre utilis€s comme
mécanisme de lutte biologique contre la maladie hollandaise de 1’orme, ont été caractérisés ainsi que plusieurs des
molécules actives intervenant dans cette lutte. Les réponses de 1’hdte sont discutées aux niveaux moléculaire et
biochimique, incluant les phytoalexines et les éliciteurs des mécanismes de défense. Plusieurs avenues de recherche sont
discutées afin de fournir une revue des approches moléculaires visant a comprendre et a manipuler les organismes
impliqués en vue du but ultime de lutter contre lamaladie hollandaise de I’orme.

Introduction rufipes Eichoff) (Lanier 1989), biological
control strategies for DED (Mazzone and
Peacock 1985), host factors (Takai 1989),
mechanisms of action of wilt toxins (Van
Alfen 1989), resistance mechanisms to Dutch
elm disease (Duchesne 1988), and elm tissue
culture (Karnosky and Mickler 1986). A well-
illustrated description of the life cycle of the
causal organism of DED, the toxin-producing
ascomycetous fungus Ophiostoma ulmi
(Buism.) Nannfeldt, formerly Ceratocystis
ulmi (Buism.) C. Moreau as determined by de
Hoog and Scheffer (1984), is available else-

0031-9511/91%1.00+ .10 where (Agrios 1988).

In recent years a tremendous effort has
been exerted toward understanding the vari-
ous cellular and molecular aspects of Dutch
elmdisease (DED). Although thisis only one
of several important areas of researchon DED,
excellent review articles on other aspects of
DEDhaverecently become available, cover-
ing such topics as the control of the elm bark
beetles (Scolytus multistriatus Marsham,
Scolytus scolytus Fabri., and Hylugropinus



2 PHYTOPROTECTION 72 (1) 1991

The fungal pathogen is believed to have
been brought into North America in the late
1920’s in infected ‘green’ elm logs used as
veneer in the furniture industry (May 1930).
Since the introduction of the disease, DED
has been responsible for the devastation of the
Americanelm (Ulmus americanaL.) and its
removal from the urban American and Cana-
dian landscape. The disease is transmitted
fromdiseased tohealthy trees viathe elm bark
beetle. Considerable effort and resources have
been channeled into trying to rescue the
American elm and other susceptible elm spe-
cies from total destruction. Despite massive
efforts to prevent its spread, DED is now
found inmany areas of the world and O. ulmi
is capable of evolving rapidly underenviron-
mental pressures (Brasier 1988).

Resistance to DED is associated with
compartmentalization of the fungal pathogen
(Bonsen et al. 1985; Shigo 1984), evident
anatomically as brown longitudinal streaks in
the sapwood and microscopically as an occlu-
sion of vessels (Beckman 1971). These occlu-
sions are caused by the formation of tyloses,
which are outgrowths of xylem parenchymal
cells that protrude through the pits to clog the
vessel cavity and prevent the movement of
substances to other vascular elements (Beck-
man 1971). These and other structures formed
inresponse to infection have been studied in
fine ultrastructural detail (Ouellette 1978a,
1978b, 1978c). DED-resistant elms are able
to quickly and efficiently induce more tyloses
than susceptible elms (Elgersma 1973), pre-
venting the spread of O. Ulmi by filling xylem
vessels (Elgersma and Miller 1977). Ameri-
can elms form tyloses only after periods of
high susceptibility to infection (Ouellette
1980) perhaps increasing their vulnerability
to DED. However, the timing, chemical trig-
ger, and biochemical pathways involved in
tylosis have yet to be determined. Another
hostresponse associated with DED and plant
diseases in general is an increase in respira-
tion which occurs soon after infection (Landis
and Hart 1972; Richards and Takai 1984).
Thisincrease is more rapid in resistant plants,
possibly tomobilize defense mechanisms that
require an expenditure of energy.

Although several means of control or elimi-
nation of DED have been used with varying
degrees of success, none has managed to
control DED effectively (Mazzone and Pea-

cock 1985). However, the long-term manage-
ment of American elm populations dictates
the development of resistant elms and/or the
establishment of new means of disease con-
trol. This stragegy calls for a clear under-
standing of the molecular biology of the host-
vector-pathogen interactions and factors af-
fecting them. In the following section we
have attempted to highlight some of the more
recent progress made in this direction. How-
ever, the molecules involved in Dutch elm
disease (Table 1) have been characterized
mainly inthe pathogen, and to alesser extent
in the host and the beetle vector.

Pathogen

Fungal metabolites associated with pa-
thogenesis. The toxins produced by O. ulmi
have come under intense scrutiny because of
their controversial role in pathogenesis. Al-
though several toxins have beenimplicated in
DED (Claydonetal. 1980), two of these, each
isolated from liquid-shake cultures of O. ulmi,
have been studied in some detail. The firstis
cerato-ulmin (CU)(Takai 1974), ahydropho-
bic 7.6 kDa polypeptide (S. Takai, unpub-
lished data). The second is a high molecular
weight peptidorhamnomannan of 105-120
kDa (Strobeleral. 1978).

It was first proposed that CU is produced
specifically by aggressive isolates of O. ulmi
and is the metabolite responsible for the
symptoms of the disease (Takai 1974). The
purified toxin was shown to cause the same
symptoms as the fungus including wilting,
internal vessel anomalies (browning, tylosis,
and vesselinfarction), and altered membrane
permeability causing nonspecific electrolyte
loss (Richards and Takai 1984), although this
observation is in marked contrast to those
observed with most other wilt toxins which
actbyreducing water availability and hinder-
ing transport (Hall and MacHardy 1981; Van
Alfen 1989). Cerato-ulmin was detected only
inaggressive strains of O. ulmi when electron
microscopic observations were made on
immunocytochemically prepared material
(Svircev etal. 1988). The toxin is proposed to
be host specific (S. Takai, unpublished data)
asisthe fungus (Takai 1974), although the ex-
amination of the effects of the fungus on non-
host plants has provided some insight as to the
prevention of the perpetuation of the disease



Table 1. Molecules associated with Dutch elm disease
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Organism Molecule

Characteristic

Reference

Fungus Cerato-ulmin

Peptidorhamnomannan

Toxin, responsible for
some DED symptoms

Toxin, causes

Nordinetral. 1987,
Richards and Takai 1984;
Takai 1974

Strobeletal. 1978

some DED symptoms

Other high molecular

Toxins, resultin several

Scheffereral. 1987

weight glycoproteins DED symptoms Strobeletal. 1978

Elicitors Fungal glycoproteins Yangetal 1989
that stimulate
mansonone production
by the host elms

Host Mansonones Phytoalexins, mansonones Duchesneetral. 1984,

A,C,D,E,Fand G 1985, 1990
(mansonone E seems to Dumaseral. 1983, 1986
be associated with DED Jengetal. 1983
resistance or tolerance)

Amino acids Some amino acid Singh and Smalley 1969 a,
concentrations increase 1969 b

in response to infection

Beetle attractants

Volatiles that attract the

Lanier 1983

beetles, e.g. (-)-a.-cubebene

Beetle Pheromones

Beetle sex hormones

Pearceetal. 1975

that attract other
beetles, e.g. (-)-o--multistriatin

in non-host and resistant plants (Rioux and
Ouellette 1989). These investigators utilized
a variety of non-host plants to observe such
mechanisms of resistance as the initiation of
physical barriers and the production of
phytoalexins.

Cerato-ulminis very unusual because of its
extreme hydrophobicity and surfactant-like
properties. This polypeptide is released by the
fungus into culture media and appears to be
soluble in 70% ethanol or in chaotropic agents
such as concentrated urea. There is a direct
correlation between the turbidity of the toxin
insuspension and the toxicity of that suspen-
sion (Takaietal. 1983). Antiserum has been
raised against this purified material (Richards
and Takai 1984) and recently an ELISA assay
has been developed to more accurately meas-
ure the amount of CU present in infected
tissues (Nordinezal. 1987).

The hydrophobicity of the peptide has
prevented an assessment of the activity of
peptide fragments generated by enzymatic
digestion or chemical cleavage (Stevenson
and Takai 1982). However, it was determined

that reduction and carboxymethylation of the
disulphide bonds in CU eliminates the toxic-
ity as well as the insolubility of the peptide
(Stevenson ef al. 1979). Reduction and de-
naturation of CU followed by dialysis against
water also yields a soluble CU peptide, and
the toxicity of the reduced and denatured
peptide is under investigation (Bolyard and
Sticklen 1990). These experiments indicate
that some or all of the four intrachain disul-
phide bonds of CU play amajorrole in main-
taining its activity. The amino acid sequence
of the toxin has recently been obtained (M.
Yaguchi, unpublished data), but only a por-
tion of the sequence has been published
(Stevenson and Takai 1982).

Scheffer and his colleagues were unable to
find a strong correlation between aggressive-
ness of 0. ulmiisolates and CU productionin
that lower levels of CU are produced in cer-
tain aggressive strains when compared to non-
aggressive strains (Scheffer et al. 1987). It
was also suggested that future tests in which
the fungus is applied to seedlings should be
conducted on elm species other than Ameri-
can elm because of the extent of the damage
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caused even by non-aggressive strains of O.
ulmito this species (Schefferet al. 1987).

Other investigators (Nordin and Strobel
1981; Scheffer 1982; Scheffer and Elgersma
1981; Schefferetral. 1987; Strobel etal. 1978)
have characterized ahigh-molecular weight
glycoprotein which shows some capacity to
cause wilting inleaves and a decrease in fluid
conductance (Strobeletal. 1987). The mole-
cule is thought to be composed mainly of
carbohydrate moieties while the protein por-
tion of the molecule has an apparent molecu-
lar weight of only 35 kDa (Nordin and Strobel
1981). This glycoprotein also has not been
conclusively correlated with aggressiveness
and in fact, acombination of factors may play
a role in pathogenicity and aggressiveness
(Schefferetal. 1987). No specific mechanism
of action has been proposed for this larger
toxin although immunofluorescent staining
of infected elms using antisera raised against
the glycoprotein was detected in the fungal
cell walls (Scheffer et al. 1987). The toxin
was not present in the elm tissue itself in these
studies (Scheffer et al. 1987), but immuno-
electron microscopy determined that the
glycopeptide was associated specifically with
infected elm cell membranes (Benhamou et
al. 1985; Ipsen and Abul-Hajj 1982).

Antagonists. Naturally occurring antago-
nists of O. ulmi exist which may provide a
limited measure of biological control over the
fungal pathogen. The d-factors (Brasier 1983,
1986; Hocheral. 1985; Rogers et al. 1986b)
are mycovirus-like entities (Webber 1987,
1988), one of which, the d” factor, has been
associated with reduced vigor in infected
isolates of O. ulmi. The d-factors were first
described as a set of double-stranded RNAs
(dsRNA) observed in afflicted O. ulmi iso-
lates (Pusey and Wilson 1982). Although the
presence of dsSRNA is often associated with
viral infections in other disease states (Brasier
1986), no viral particles have been observed
in d*-infected O. ulmi (Rogers et al. 1987).
The d>-factor transcribes 10 dSRNA species
of different sizes which co-purify with mito-
chondria of affected isolates (Rogers et al.
1986a). The presence of specific dsSRNA seg-
ments of 2.4, 1.0, and 0.33 kb are correlated
with the disease in the fungus (Rogers et al.
1987) and it may eventually be possible to
assign responsibility for the symptoms to
specific dsRNA molecules.

The mechanism of action of these mole-
cules is not known and they appear te be a
novel class of autonomously replicating ele-
ments (Rogers er al. 1987). The presence of
the d*>-factor has also been correlated with a
reduction of the steady-state levels of cyto-
chrome aa,, an important enzyme in the respi-
ratory chain of the fungus, when compared to
the levels of two other cytochromes (Brasier
1986). This manifestation could explain the
reductionin vigor observed in diseased fungi,
which may survive by turning on an alterna-
tive respiratory pathway, bypassing the need
for cytochrome aa, (Sherald and Sisler 1972).
Populations of d* -infected O. ulmi have been
characterized by amarked reduction in spore
germination, areduction in growth rate, and
aninability to initiate xylem infection (Webber
1987).

The d-factors are transmitted from dis-
eased to healty isolates by hyphal fusion or
through sexual crossing in the case of compat-
ible mating types (Brasier 1986). Other mecha-
nisms, such as strain-specific replication, may
beinvolved inthe interaction between O. ulmi
and the d-factors that are responsible for the
maintenance of these elements (Rogers et al.
1986b) because the d>-factor can be trans-
ferred to other individuals through hyphal
fusion or mating, yet they have not become
widespread within the population.

Other antagonists of O. ulmi have also
been detected, such as the antimycotic prop-
erties of certain strains of Pseudomonas syr-
ingae van Hall. These experiments demon-
strated that certain P. syringae strains pro-
vided protection to susceptible elm seedlings
when administered prior to infection with O.
ulmi (L.ametal. 1987). Recently an antibiotic,
pseudomycin, has been purified from P. syr-
ingae and its antimycotic property demon-
strated on O. ulmi (Harrison 1989). The pro-
tective effect of P. syringae toward suscep-
tible elms in the greenhouse was demon-
strated using genetically-tagged bacteria (Fox
1987; Roberts 1987). Scheffer conducted field
trials in the Netherlands and observed a 22-
45% reduction in DED incidence in suscep-
tible elms injected with P. syringae (Scheffer
1989).

Inoculations of American elm seedlings
with antagonistic isolates of Pseudomonas
fluorescens Migula (Murdocheral. 1984) or



Bacillus subtilis (Ehrenberg) Cohn (Gregory
etal. 1984) and invitro assays with Bacillus
subtilis (Krause et al. 1987) Pseudomonas
maltophilia Hugh and Ryschenkow (Gregory
et al. 1986) or the fungus Ustilago violacea
(Persoon) Roussel (Desrochers et al. 1987),
have demonstrated a wide variety of antifun-
gal activity. The antimycotic agents from sev-
eral of these organisms are being purified for
further investigation. However, in studies
involving the injection of a variety of bacteria
into the DED-susceptible English elm (Ulmus
procera Salisb.) and Commelin elm (Ulmus x
hollandica ‘Commelin’), Shi and Brasier
(1986) concluded that none of the strains
tested, including several strains shown to be
antagonistic in vitro, prevented the death of
trees inoculated with O. ulmi four weeks after
infection with the bacteria. Pretreatment of
susceptible elms with non-aggressive strains
of 0. ulmi induced cross-protection against
aggressive strains (Jengeral. 1983; Scheffer
et al. 1980). Further investigation will be
necessary to determine whether the protective
effect of these antagonists can be observed in
vivo.

Molecular characterization and
detection. Ophiostoma ulmihas been shown
to have the potential for rapid evolution as
demonstrated by the replacement of the non-
aggressive populations of the fungus by more
aggressive isolates (Brasier 1988) and by the
analysis of its nuclear genome (L.C. Duch-
esne et al.,unpublished data). O. ulmipopu-
lation has both aggressive and non-aggres-
siveisolates, and considerable efforthas gone
into developing morphologic and biochemi-
cal methods to distinguish between these
groups. Early assays correlated differences in
culture morphology such as appearance and
texture (Brasier and Gibbs 1975; Gibbs and
Brasier 1973; Schreiber and Townsend 1976),
and growthrate (Brasier and Webber 1987),
with aggressiveness, pathogenicity and mito-
chondrial and nuclear restriction fragment
length polymorphisms (RFLPs) (Bates et al.
1989; Jeng et al. 1990). The aggressive iso-
lates were further subdivided into the Eura-
sian (EAN) and North American (NAN) sub-
groups (Brasier 1979).

To help prevent the spread of the fungus
intohealthy trees, several alternatives are being
investigated for the early detection and iden-
tification of the fungus in susceptible elms.
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One method examines elm cell membrane
permeability by measuring electrolyte loss in
response to treatment with the pathogen or
with culture filtrates of the pathogen (Mezzetti
et al. 1988; Otani et al. 1986). Increased
membrane permeability was correlated with
greater susceptibility to aggressive strains of
O. ulmi in three elm species. These results
support earlier findings (Richards and Takai
1984), where a similar correlation was noted
following the treatment of resistant or suscep-
tible elms with the toxin cerato-ulmin.

An approach which holds some promise
for rapid automation and possible use in the
field is the use of monoclonal antibodies
specific to epitopes found only on aggressive
isolates of O. ulmi (Dewey et al. 1989). Al-
though antibody titer was low, some of the
monoclonals have been used successfully to
differentiate diseased elms from healthy ones
with very little cross reactivity with the host
tissue. When the mycelial extracts from ag-
gressive and non-aggressive strains were
compared using electrophoretic techniques,
different patterns of soluble proteins were
observed. In fact, 48 proteins were character-
istic of either one of the two strains tested
(Jeng 1986). These molecular techniques
should increase the effectiveness of rapid
detection of diseased trees and provide early
intervention against DED.

Molecular genetic analysis. A chromo-
some linkage map of O. ulmi was developed
from the analysis of a collection of mutants in
order to better understand the biochemical
genetics of the fungus (Bernier and Hubbes
1985,1986). A crude linkage map was devel-
oped (Bernier and Hubbes 1986) which has
been refined further (Bernier et al. 1987;
Bernier and Hubbes 1990b). Additional stud-
iesled tothe isolation of anatomical, auxotro-
phic, drug-resistant (Bernier and Hubbes
1990a), and low CU-producing mutants (Jeng
et al. 1987). Inoculations of American elms
with wild-type and mutant (low CU-produc-
ing) isolates may provide further evidence for
the role of CU in the proliferation of the
symptoms of DED (Jeng et al. 1987).

Plasmids have been described in several
isolates of the fungus, although the correla-
tion between the presence of these extrachro-
mosomal elements and aggressiveness or
pathogenicity has not been demonstrated
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(Takaietal. 1984).

Host

Plants possess several biochemical defense
mechanisms to control the spread of patho-
gens. The best studied of the elm molecular
defense mechanisms whichrespond toinfec-
tion by O. ulmi is the accumulation of
phytoalexin-like sesquiterpenes. These com-
pounds, mansonones A, C, D, E, F, and G,
were proposed to be involved with host de-
fenses following theirisolation from tissues
of DED-susceptible American elms after
exposure 1o aggressive or non-aggressive
strains of O. ulmi (Dumas et al. 1983; El-
gersmaand Overeem 1971). Mansonones were
elicited more effectively and accumulated to
higher levels when American elms were in-
fected withnon-aggressive strains compared
to similar inoculations with aggressive strains
(Duchesneetal. 1985,1990; Jengetal. 1983).
Mansonones E and F were the most prevalent
of the phytoalexins elicited (Duchesne et al.
1985). However, no differences inmansonone
production were observed when DED-resistant
Ulmus pumilaL. was treated with aggressive
or non-aggressive isolates of O. ulmi (Du-
chesne et al. 1986). Mansonones also ac-
cumulated whennon-aggressive strains of O.
ulmi were used in immunizing inoculations
before treatment of susceptible elms with
aggressive strains (Duchesne et al. 1984; Jeng
etal . 1983).

Comparisons of extracts from infected elms
demonstrated thatresistantelms accumulate
mansonones E and Fto concentrations greater
than three times that found in susceptible
American elms (Proctor and Smalley 1988).
This increase in mansonone production in
resistant elms occurred within three days of
inoculation with the fungal pathogen and was
followed by a return to levels of susceptible
elms within 12 days. In order to determine the
effect of these phytoalexins on the fungus
itself, mansonones were isolated and applied
invitroto aggressive ornon-aggressive strains
of O. ulmi. These compounds significantly
inhibited the growth of the fungus (Dumas et
al. 1986; Wu et al. 1985) and mansonone E
had the greatest fungistatic effect on O. ulmi
in vitro (Wu et al. 1989). The addition of
proteins such as albumin to the culture me-
dium served to protect the fungus from the

fungistatic effects of mansonone E. These
results present evidence for a general hydro-
phobic interaction between the hydrophobic
residues of the protein and the phytoalexins
(Wuetal 1989).

Several recentreports suggest that the use
of callus material may be an appropriate and
practical medium for analyzing the interac-
tions between O. ulmi and elms. The results of
inoculations of calli from resistant and sus-
ceptible elms with O. ulmi or culture filtrates
from the fungus demonstrated a correlation
between the response of the callus material to
the stimulus and the response of the elm, from
which the callus was derived, to the same
antagonist (Krause er al. 1988; Pijut et al.
1988, 1990a, 1990b; Schreiber et al. 1988;
Sticklenetal. 1990). Mansonone accumula-
tionin callus cultures of U. americanaand U.
pumila was correlated with resistance to DED
(L.C. Duchesne et al., unpublished data;
Szczegolaetal 1987).

Resistance can be induced when suscep-
tible elms are pre-treated with spores from
non-aggressive strains of O. ulmi before in-
oculation with an aggressive strain (Hubbes
and Jeng 1981). This phenomenon has been
associated with a greater accumulation of
mansonones in susceptible elms after treat-
ment withnon-aggressive strains of the fun-
gusthan with aggressive strains (Duchesne et
al. 1984), although it was also speculated that
mansonone accumulation was not solely re-
sponsible for the phenomenon of induced re-
sistance (Duchesne 1988; Dumas et al. 1986).

Beetles

A great deal of research has been con-
ducted tounderstand the role of beetle attract-
ing agents inthe spread of Dutchelm disease.
The attractants include 4-methyl-3-heptanol
and (-)-o-multistriatin, produced by the fe-
male elm bark beetles, and (-)-c.-cubebene,
released from the host (Lanier 1983). The
chemical structure of these agents is so spe-
cific that the (+) stereoisomer of o.-multistri-
atinis no more effective as an attractant than
control reagents (Elliot ef al. 1979). These
attractants have been used successfully to lure
beetles into traps to reduce the spread of the
fungus from diseased to healthy trees (Lanier
1989). Emphasis is now shifting toward the



use of modern molecular techniques to con-
trol the spread of Dutch elm disease via the
beetle vectors. Some polypeptide toxins, such
asthe Bacillus thuringiensis (BT) toxins, have
been discovered to be specific in their patho-
genicity toward lepidopteran, coleopteran and
dipteran insects (Hofte and Whiteley 1989).
Lepidopteran BT toxins are pathogenic to
two species of elm bark beetle (Coleoptera:
Scolytidae) and it will be interesting to see the
effect of coleopteran-specific toxins on these
beetles (Jassim ef al. 1990). A coleopteran-
specific BT toxin was also pathogenic toward
elm leaf beetles (Hernstadt et al. 1986). As
genes encoding these toxins become avail-
able, the next step may be to introduce these
genes into susceptible elms to provide the
elms with a measure of self-defense.

Future trends and approaches’

The management of DED should be pur-
sued using an integrated approach through
the use of chemical means of disease protec-
tion; induction, identification, and genetic
manipulation of the host’s defense system;
and the control of pathogen virulence (Hub-
bes 1988). Hopefully, this will lead to along-
term, well-balanced coexistence betweenthe
pathogen and its host (Hubbes 1988). One of
the first steps toward accomplishing this goal
will be to attain a better understanding of the
interactions between the insect carrier, the
host and the pathogen, from the introduction
of the beetle-borne fungus to the failure of the
host defense mechanisms. As we begin to
learn the details of these interactions, the
results will dictate strategies for controlling
DED. Weenvision three avenues of research
concerning each of the organisms involved in
DED.

With the exception of transmission of DED
through root grafts, the elm bark beetle is the
sole carrier of the pathogen from diseased to
healthy elms. Preventing the elm bark beetle
from colonizing susceptible elms should
greatly decrease DED. Direct methods such
as the use of insecticides directly on trees or
via pheromone-baited traps, are probably not
the most efficient approaches although they
have been useful in the past. However, along-
term approach which has the potential for a
consistent impact on the beetle would be the
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use of biological control (Mazzone and Pea-
cock 1985). One option is the use of entomo-
pathogens such as bacteria, fungi, viruses or
nematodes specific to the elm bark beetles.
Finding such pathogens should be straight-
forward for entomologists but making sure
that the selected pathogen is specific for the
beetles may be more difficult. Another possi-
bility involves the release of sterile male
beetles. A similar approach using a large
population of radiation-sterilized insects
caused the virtual elimination of the screw-
worm fly (Cochliomyia hominivorax Co-
querel) in the United States in 1962 (Bush-
land 1975; Davidson 1974). The use of phero-
mones in conjunction with these methods
could grealty improve results by attracting
swarms of female beetles to mate with the
sterilemales.

Biological control strategies should also
be devised for the control of O. ulmi. The need
forbiological control originates from the fail-
ure of chemical fungicides to eradicate the
pathogen withoutdamaging trees (Karnosky
1979). The use of the d-factors could eventu-
ally serve as a natural control of O. ulmi
(Brasier 1983, 1988; Webber 1987). Another
option is the development and selection of
dominantnon-pathogenic, mating-typeiso-
lates of O. ulmi, followed by their release in
nature to mate with highly aggressive iso-
lates. However, the factors and mechanisms
which confer aggressiveness and pathogen-
icity to the fungus are still not fully under-
stood and clearly more work is needed before
this strategy can be employed.

Understanding the molecular mechanisms
of pathogenicity in DED is being emphasized
by attempts to isolate the genes encoding
cerato-ulmin in O. ulmi. A cDNA library is
being screened with an antibody raised against
CU (M. Hubbes, unpublished data). Since the
amino acid sequence of CU is known, it may
be possible to express CU from synthetic
DNA inorderto provide aresource for learn-
ing more about the mechanism of action of
CU atthe molecular level (Bolyard and Stick-
len 1990). Efforts are currently underway to
express CU in Escherichia coli (Migula)
Castellani and Chalmers to determine what
regions and residues of the molecule are re-
sponsible for its pathogenicity and specific-
ity. Other approaches include the cha-
racterization of the mitochondrial and nuclear
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genomes of aggressive and non-aggressive
isolates using various heterologous cDNA
and genomic probes.

Other metabolites synthesized by O. ulmi
are also under scrutiny, particularly elicitors
produced by both aggressive and non-aggres-
sive strains of the fungus. Recent work has
established that these elicitors stimulate the
production of mansonones, although at higher
levels in U. americana than in U. pumila.
These elicitors are small glycoproteins whose
activity is increased when the carbohydrate
moieties are removed with B-glucosidase.
Higher elicitor activity was found in fungal
cell wall extracts than in culture filtrates (Yang
etal.1989).

Assay systems using callus cultures are
being used to demonstrate differences in lev-
els of mansonone accumulation between DED-
resistant and DED-susceptible elms. These
results indicate that mansonone acculumation
may be used as a selective marker for resis-
tance to DED in callus cultures of elms
(Szczegola et al. 1987). Callus cultures are
also being used to test susceptible, resistant,
and selected putatively resistant American
elms by subjecting these cultures to media
containing various concentrations of purified
CU (Sticklenetal. 1990), which is similar to
work conducted earlier by Pijut and her col-
leagues (Pijut 1988; Pijuteral. 1988, 1990a,
1990b). However, variations exist among
callus lines within the same elm species sug-
gesting that careful interpretation of the re-
sults of subsequent in vitro assays will be
required (Szczegola-Derkacz 1988).

Finally, controlling DED via the elms may
be possible. All attempts to sexually transfer
DEDresistance into Americanelm have been
unsuccessful (Karnosky 1981; Redenbaugh
etal 1977, Sticklenetal. 1985,1986) due in
partto the incompatibility between the tetra-
ploid Americanelm (4n=56) and diploid DED-
resistant elms (2n=28) (Redenbaugh et al.
1977) and to the inhibition of pollen germina-
tion and early pollen tube growth on stigmatic
surfaces during sexual crosses (Ager and
Guries 1982; Bob et al. 1986). This incom-
patibility is postulated to be mediated through
a number of unknown physiological and
anatomical factors (Pijut 1988). An alterna-
tive approach has been to select American
elms for resistance to DED, such as the

American elm cultivars ‘Delaware 2’ and
‘8630’ (Pijut 1988; Townsend and Schreiber
1975). When callus lines produced from these
cultivars were compared to callus from a
DED-susceptible American elm in culture
media containing a crude filtrate of O. ulmi,
‘Delaware 2” and ‘8630° were found to be
resistant to the toxin in the culture (Pijut 1988,
1990a). Another group of selected DED-re-
sistant American elms are from a controlled
pollination between ‘Delaware 2” and survi-
vors of a second test group of over 60 000
inoculated American elm seedlings, or be-
tween the survivors themselves (E. Smalley,
unpublished data). One of the five selected
elms from this group is being distributed by
the Elm Research Institute as a DED-resistant
elm, U. americanacv. Liberty.

The failure of the breeding of DED resis-
tance into American elms as well as difficul-
ties in selecting naturally resistant variants,
has prompted the use of alternative strategies
suchas cell and callus culture (Karnosky and
Mickler 1986) which may also provide an
opportunity for the eventual genetic engi-
neering of elms (Bolyard et al. 1991b). The
regeneration of American elms from juvenile
tissue has been reported from hypocotyl-de-
rived cell suspension cultures (Durzan and
Lopushanski 1975), from axillary buds
(Chalupa 1979), from hypocotyl-derived
callus culture (Karnosky et al. 1982), and
following the successful cryogenic preserva-
tion of Americanelm callus lines followed by
subsequent shootregeneration (Ulrich et al.
1984).Recently, cultures from mature leaves
of American elms have been used to produce
multiple shoots in media containing the cy-
tokinins thidiazuron (Bolyard et al. 1991a)
and/or pyranyl benzyladenine (Bolyard et a/.
1991c). This system has also been used to de-
velop shoots from leaf cultures of several
putatively DED-resistant American elms
(Bolyard et al. 1991c¢) as well as from the
DED-resistant elm Ulmus parvifolia Jacq.
(Bolyard et al. 1991a). In an attempt to pro-
duce somatic hybrid plants between Ameri-
canelm and the DED-resistant hybrid Ulmus
XPioneerelm (Townsend and Masters 1984),
fusion callus lines were produced, although
somatic hybrid plants have not beenregener-
ated (Sticklen 1989, 1990). In addition, RFLP
and dimer isozyme banding pattern differ-
ences between American and Pioneerelm cal-



lus lines have been identified (Sticklen 1989).

Since the pathogen has co-evolved with
the host, it should not be long (in evolutionary
time) before the fungus evolves strains that
are pathogenic to selected elms. Once the
mechanisms of DED resistance are known, it
may be possible to address the issue of the
rapid mutagenesis of the pathogen to selected
resistant elms. Clearly, if genes responsible
for DED resistance are identified and isolated
and if the metabolic pathways leading tore-
sistance are elucidated, effective approaches
for the development of resistance in suscep-
tible elms will become available. Experiments
are currently underway to devise strategies to
identify DED resistance associated genes and
isolate them via RFLP analyses using cDNA
probes from putatively DED-resistant elms.
If and when the DED resistance genes are
available, these genes could be appropriately
modified to circumvent the hypermutable
pathogen and gene-transfer methods could be
used to develop DED-resistant elms.

However, considering the long life cycle
of elms, the techniques of vegetative regen-
eration via protoplast, cell, or tissue culture
will have to be perfected before even the best
gene-transfer system are successful. In addi-
tion to the utility of vegetative propagation
for the genetic engineering of elms, these me-
thods will immensely benefit current attempts
inmanaging DED.
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