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. Abstract

Juvenile seedlings of lodgepole pine (Pinus contgrta var.

latifolia Engelm.) were artificially inoculated with the

aeciospores of Endocronartium harknessii (J.P. Moore) Y.

Hiratsuka , the causal agent of western gall rust. The study
objectives were to identify how and where the fungus enters
the host, how the fungus develops in the host, and how the
host responds to the fungal infection. Pine seedlings from
11 to 76 days old were infected, and easily recogniﬁig}e
external symptoms of tissue discoloration were observed as
early-as 7 days after inoculation.

Immature epicotyl tissue was observed to be the only
éite of infections which led to successful gall formation.
In this tissue, E. harknessii entered by direct
intercellular penetration of the epidermis. Qccésional
- successful infections were algo observed on hypocotyls,
where the fungus entered through stomata, as well as by
direct penetration, and on needles, where- it also enters
through stomata. Infections on needies and hypocotyis did
\not result in gall development.

Red tissue bigmentation was observed to be a reliable.

—

indicator'of infection %n .epicotyls. Increased tannin

production was observed in hoSt cells near the fungus. Most .
infections resulted in needle déath near the infection site,
necrosis and resinosis oh the stem, and signifi;ant growth
reduction oiAth; eﬁtire seedling. Tﬁyxhost response to

epicotyl infection varied among seedlings, ranging from

iv



rapid seedling mortality, to recovery from infection. This
variation could have been due to causes such as spore

density during inoculation, fungal virulence, and host

susceptibility.
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1. Introduction

Endocronartium harknessii (J.f. Moore) Y. Hiratsuka. is the

causal agent of western gall rust, a fungal disease of hard
pines (Figure 1). It is widely‘distributed throughout North
America and can cause setere damagg‘in infested stands
(Hiratsuka and Powell 1976). Major outbreaks are rare and
the impact of the disease is not h{gh in natural forests. "
Hg;gver, aslintensivé management techniques play a more
prominent role in forest practice, the importance of western
gall rust will increase. The use of potentially infected
nursery grown tree seedlings in forest regeneration createg/
a new hazard from the disease. Whereas western gall rust
infections on older trees can reduce growth rate and affect
form (Figure 2)(Peterson 1960), infections on nursery
seedlings often result in the death o% trees before they
reach a harvestable age“-(Hiratsuka pers. comm. 1982).

Current efforts to reduce the impact of the diseaseﬁ
include studies on chemical and bidlogical contéol methods
(Merril and Kistler 1976, Kistler and Merril 1978, Huber
1980, Tsunedp and Hiratsuka 1981), and on the biology and
genetics of the host-parasite relationship (Hildreth 1969,
Nelson 1970, van der Kamp pers. comm. 1983). A lodgepole
pi;; genetic improvement program now being initiated in

western North America will include the selection of

resistance . to E. harknessii (van der Kamp pers. comm. 1983).
v , BN



A Figure 1 - Typical branch gall of western gall rust on
¥
lodgepole pine (magnification .66X).

Figure 2 - Lodgepole pine with sporulating western gall rust

galls in St. Albert, Alberta.






Range and Hosts
The occurrence of western gail rust is as yet

restricted to North America (Ziller 1974). Although found
mainly in western Canada and the U.S., the fungus has also
been reported in eastern Canada (Hiratsuka and Maruyama
1968), the Lake States (Anderson 1965), and New York
;State(York 1926). The disease as found in the northeastern
U.S., earlier named the "Woodgate rust" by York (1926), is
now thought to be synonymous with western gall rust (Boyce
1957, Krebill 1970). Western gall rust is fouﬁd on "hard;

pines including Pinus banksiana Lamb., P. contorta Dougl.,

~

P. mugo Turra., P. muricata D. Don, P. nigra Arnold, P.
pinaster Ait., P. ponderosa Laws., P. radiata D. Don, and P.
sylvestris L. (Ziller 1974). Many other pine hosts have been
described, occurring naturally or identified by artificial
inoculation (Nelson 1970).

Although P. radiata is a susceptible host for E.
harknessii , there have been no reports of its incidence in
areas such as Australia and New Zealand where thif species
is planted as an exotic (Parmeter and Newhook 1967). The
disease poses a major threat in these areas where
genetically similar strainﬁ of P. radiata have{been planted
over extensive areas. Canadian provenances of P. contorta

that are being planted in Scandinavia are subject to the
3 .

same threat (Martinssoﬁ 1980).



Taxonomic History

Efforts to describe the life history of E. harknessii
have been complicated by confusing E%menclature with
overlabping common names and questionable synonymy.

The fungus causing western gall rust was originally

named Peridermium harknessii Moore by H.W. Harkness in 1876

(Peterson 1967). He found the fungus growing on Pinus
ponderosa near Colfax, California. As more hosts were e
"listed, and further observations of the fungus were made,
there was question as to whether Harkness's describtion-
represented a single’species (Boyce 1957). Meinecke (1916,

1920, 1929) identified two forms of P. harknessii,

suggesting that the coastal form on Pinus radiata was

identical to Peridermium cerebgﬁi Peck (later changed to

Peridermium cerebroides (?)). The other form, found in

mountainous regions, was named as Crdmartium harknessii

N

Meinecke. Artififial inoculation exéé}iments were conducted
using pine and known alternate hosts of Cronartium species
in an ;ttempt to iaentify the life cycle of the fungus. He
was able to-iﬁfect‘both pine and Castilleja ép. Qith the
aeciospores of P, harknessii. From these results he
concluded that P. harknessi i was
"...a heteroecious rust possessing, in addition to
h the usual mode -of spreading through basidiospores,
faculty of directly infecting pineé through
aeciospores..." (Meinecke 1916).

He termed this phenomenon "facultative heteroecism" and used

\
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the name Cronartium harknessii to describe the fungus as it

existed on both the pine and Castilleja hosts (Meinecke
1920), Further reports of Castilleja infection by western
gall rust aeciospores wer; made by Rhoades et al. (1918),
Hedgcock and Hunt (1920) and Anderson and French (1968).
Attempts by other researchers to duplicate thege results
have been negative (Wagener 1958, Zalasky and Riley 1963,
Nelson 1970, and Ziller 1970). Moreover, in an analysis of
Meinecke's early studies, Wagener (1964) suggests_that the
observed uredia formation was the result of contamination

At

from other rust sources. The inclusion of Peridermium .

harknessii in the Cronartium coleosporioides Arth. complex

(Arthur 1922, Anderson and French 1965, Petersons 1967) could
have resulted in a misrepresenfation of the rust's tapacity
to infect an alternate hogt. That is, the inoculation
experiments demonstrating alternate host infecti§n may.not
have been condlcted with what we now recognize fS'
“Endocronartium harknessiiA. ’ : { ‘ .

A possible explanation of the conflicting evidence is

that western gall rust is usually autoecious but
heteroecious races may occur rarely in some locations .
(Nelson 1970). Peterson (1967) suggested that the fungus is

an extremely variable species and that physiological

adaptations could account for differences in life cycle, .

host preference) and growth form. o \

Hiratsuka et al. (1966) compared the nuclear behaviqr ’

and germ tube morphology between autoecious ( Peridermium




-

{
pini Pers. and Peridermium harknessii )} and heteroecious

(Cronartium coleosporicides) rust species. They found that

in the autoecious forms, the aeciospores function as

teliospores which he termed "peridermoid feliospores"_

4

(Hiratsuka et al. 1966). Young aeciospores were usually
binucleate, but later became uninucleate at maturity
suggesting nuclear fusion. Upon germination of the diploid

aeciospores, reduction division and septation occured
&

-

producing a monokaryotic germ tube. The heteroecious rust
had biﬁucleate aeciospores and the dikaryotic condition was
maintained through germ tube production, nuclear migration
and appressoria }ormation. Similar observations were madé

regarding the nuclear characteristics of Peridermium pini

and Cronartium flaccidum (Alb. & Schw.) Wint. (Hiratsuka

1968). As a result of this work, Hiratsuka placgd’

Peridermium harknessii and P. pini into a new genus,

Endocronartium , recognizing its endocyclic life cycle

(Hiratsuka 1969).

Disease Development
Many researchers have studied E. harkngséii -
attempting to describe its life history in detail. Presented
here is a review of ‘the life historf‘of western gall rust as
it has been observed on mature loégepole pine.
~ Because E. harknessii is autgecious,its life cycle’
(FPigure 3) is lessicémplex than that of.mosﬁ'forest tree

rusts. Aeciosporgs are produced by mature galls on branches



-Figure 3 - Life cycle of western gall rust.
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b . 10
d

* .
w £ ) .

§+_‘;énd/o{ stems of the pine host frdm'mid~May until early July.
o \ R
ﬁ%&;ite elevation, aspect, and prevailing,climatic conditions

sﬂdetermine the time of sporulation for a giQen year. Warm dry

r ~

‘weather seems required to COQPlete aecxospore maturation and

N

‘fg dry apd break the peridium enca51ng the spores. Peterson

g

(1973) showed that on rainless days, E. harknessii spore

o ¢
release Legan in the morning, as tﬁg\relatlve humidity
deCreasea. Maximqm daily release occurred at about 11:00 am.
Aeciospores land on SU;ceptible pine hosts and germinéte,
given proper environmenfa} qpnditions of temperature ééd
moisture. York (1929) observed that aeciospores infected the.
. ) X R .

pines "directly through the epidermisdof the current '~
geason's s;em éréwths"; True (1938) reparted on-the

infection process of the.Woodgate rust on Pinus sylvestris .

’

All of the penetrations that he ébservedgwere through the
epidermis, either inter- or intra-c&llularly. No appressoria
vere noted. Some reports have been made of successful
inoculations through wounc{s or bark sl1t54;6iyce 1957.,
N ~ Anderson and French 1965), but the'current.season'é new
grovwth is;égnerally recognized as the primary site o{
f ;nfection (Meinecke 1916, York 1929, Hutchinson 193?#,True
1938, Boyce 1957, Nelson 1970, Hiratsuka and Powe11?1976).
No gflls observed in field conditions are thought to hav;
been infected through wounds of non-current year stems.
%HiratsQF; pers. comm, 1982).
The position of an infection on a stem seems to ﬁe

deé&rminbd by the maturity of the stem tissue. Most of the
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successful infections observed by True (1938) were on
tissues that had not yet developed a periderm. He felt that

the presence of a normal periderm played a passive role 1n

host resistance. Nelson (1970), studying Pinus radiata and

Pinus: ponderosa found that the elongating stem became

nonsusceptible at the base first, and that the
nonsusceptibie zone "moved up" the stem as it matured. He
felt that ™

...the nature of nonsuscéptibility with stem

maturation. ..appeared to be correla;ed witg
periderm formation as observed by True (1938) for
the Woodgate rust on Scotch pine..."
Other Yactors contribute Eo the success of infection.
A&‘auate inoculum levels and suitable temperature and
moisture conditions must coincide with the presence of .
susceptible tissue for infe$tion to occur, In some yéars,
termed "wave-years" by Peterson and Jewell (1968), disease
levels are very high in localized areas suggesting that
conditions were opLimal for inféction. Attempts have been
made to describe the ;nvironmehtal conditions prevalent in
"wave-years" to aid in the prediction and possible control
o} the didease EMeyer et al. 1982). |

Once the fungus has entered the host it grows
intercellularly thtough the éortex, penetrating the cells
with hausfofia. The fungal mycelium prélife;ates in the
cortex, and appears to §row.toward sia;ch containing cells

(True 1938). When the fungus reaches the cambium, abnormal

<
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growth of the xylem, and to a much lesser extent phloem,
occurs. The most significant abnormality 1s hyperplasia of
the xylem célls. An 80 to 100 per cent increase 1in the}
number of these cells has been reported (True 1938). Ring
width is therefore affected; Peterson (1960) observed that
rings in infecﬁed wood were up to 2-3 times as wide as those
in uninfected wood. Apother maigr change that results from
infection is an increase in the proportion and number of
parenchyma cells. Peterson's studies showed that infected
gall tissue consisted of 32% parenchyma and 68% tracheids,
whereas normal wood was 6% parenchyma and 94% tracheids.
Xylem ray structure 1s also changed,‘most rays in infected
wood are bi-seriate or multi-seriate whereas very few rays
are more than one cell wide in uninfected wood (True 1938,
Peterson 1960). Zalasky (1974) described changes in xylem
cell structure due to infection by E. harknessii~. He found
that trachieds in galls "...follow a radial order, but with
changes in polarity, curvations, intricate branching, and
nodulation...". |

Such changes bégin to occur during &ngﬁame season as
infection, and a swelling of the stem is often not?;eable
within four months (True 1938, Boyce 1957). Gall growth
continues and aeciospore production Segins one to three
years after infection (York 1929, True 1938, Boyce 1957).
The galls grow each year, adding %rowth rings similar to,
but wider than in a normal stem. Aeciospores are produced

. each spring until the branch or stem that the gall occupies



1s killed or the gallfis attacked and inactivated by
hyperparasitic fungi (Tsuneda et al. 1980, Tsuneda and
Hiratsuka 1981). Rodents and insects can also damage or kill
western gall rust galls by feeding on the spores or the bark

of the galls (Powell 1971, 1982, Powell et al. 1972).

Host Resistance

Within a population of pine, a range of reactions to
infection by E. harknessii can be observed. Some trees are
able to resist infection completely and remain gall-free in
stands that are otherwise heavily infected. Other trees show
no apparent resistance to gall rust infection. Such
responses are visible, both externally and internally on the
stem, shortly after infection takes place. Hutchinson (1935)

studied the resistance of Pinus sylvestris to the Woodgate

rust. He descibed three major reaction types. Type A,
occuring in what he classed as susceptible trees, showed
little external evidence of infection. Minimal host tissue
reponse was observed, although some tannin' formation b} the
cortical cells was evident. Reaction type B showed definite
stem discoloration following infection, with bark splitting
and resinosis oécd?ring during the following.growing season.
In these plants, tannin production by the cortex cells was

much faster than in type A plants and the initial cells

'Tannins or tannin-like substances are often produced by
plants in response to fungal infection. This reaction has
been studied with the fusiform rust disease caused by
Cronartium quercuum (Berk.) ex Shirai f.sp. fusiforme

(Walkinshaw 1 “

s
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attacked by the fungus were killed. A barrier of cork cells
produced by the host delineated these dead cells, excluding
the fungus from the healthy part of the stem. The fungus
somet imes broke through this layer, resulting in the
development of a second cork barrier. This continued unt1l
the fungus was either successfully excluded or able to reach
the cambium and initiate gall development. The third
reaction type (bype C) developed numerous small discolored
spots on the stem a few weeks after inoculation, This was
sometimes followed by swellings which did not increase in
size, but were gradually sloughed off. In these trees, the
infected host cells were usually killed immediately after
invasion. A periderm formed around these dead cells and the
necrotic area was sloughed off. Hutchinson felt that the
production of tannin by the affected cells represented a
Jlocal immunity and that the production of cork cells was a
normal reaction to wounding and played a less important role
in resistance.

These types of responses have been observed in
resistant trees by other authors (True 1938, MtKenzie 1942,
Hiratsuka and Maruyama 1983). The rapid reaction to
infection seen in the "resistant” trees has been described
as a "hypersensitive response"” (Hare 1966). The concept of
hypersensitivity suggests that fungal infection invokes an
immediate response in the host whereby the affected cells

are killed. Obligate“parasites are therefore unable to

secure nutrients and thus die. In the case of western gall
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rug%, this reaction may be activated by the production of

tannin compounds.

Damage and Importance

Western gall rust is a widespread disease on the hard
pines of western North America. Mbrtality is not normally
high in the natural forest (Gross }983), but localized
epidemics do occur. These have resulted in high mdrtality in
young stands in the northwestern U.S. (Peterson 1960).
Generally, infections that occur in the natural forest
result in the development of branch galls that affect form,
growth rate, and volume. Main stem galls occur less
frequently and usually result in the loss of the tree to
breakage.

The greatest threat from western gall rust lies &n
intensively managed stands, plantations, and nurserieé.
Christmas tree plantations in New Brunswick have been
abandoned because of damage by western gall rust to tops and
branches (Forbes et al. 1972). In Alberta, 63% of the 6 to
12 year old lodgepole pine stock on a Christmas tree
plantation were infected (Powell and Hiratsuka 1973).
Mortality in this case was not high but most of the trees
were deformed 'and had no commercial value.

Western gall rust poses a major threat tqulantations

of Pinus radiata where it has been planted as an exotic

species in Africa, South America, Spain, Australia and New

Zealand (Scott 1960). The pathogen has not yet reached these



areas but seedlings from these plantations have been shown
to be susceptible (Parmeter and Newhook 1967). The

relatjively small genetic base from which these trees

&

originat further increases the potential danger.

Th orst danger from western gall rust 1s in forest
nursé;ies that produce seedlings for regeneration of logged
areas. Infections in the nursery almost always result in
basal stem galls (Figure 4). These often go unnoticed in the
nursery and the seedlings are planted out in.the forest. In
the plantation the infected seedlings occupy valuable space
and may receive special silvicuitural attention suchras
pruning, fertilization, etc. Furthermore, the diseased
seedlings are counted as survivors in regeneration surveys.
Mature galls produce aeciospores that can cause further
infectiop of natural or planted stock. Growth reduction is
common (Figure 5) and the trees usually succumb to breakage.
Whereas olaer ttees can sustain branch “infections with
little detrimental effect, infection of nursery seedlings is

ultimately lethal. Controls, thefefore, should be focused on

preventing infection of ydung seedlings.

Control L
Various control measures té reduce the incidence of
western gall rust have been considéred including
silviculturai methods, chemical and biological control, and
genetic improvement of seedling stock. The choice of control

methods and their effectiveness will depend on the



Figure 4 - Basal stem galls on 2-0 lodgepole pine nursery

stock (magnification .4X).

Figure 5 - Growth reduction caused by western gall rust on a

15-year-o0ld lodgepole pine (magnification .3X).






- L“
> | 19

particular nature of the disease problém.

The primary means of silvicultural\control involve the
mechanical removal of galls from infecté&\trees (Hiratsuka
pers. comm. 1982). This removes the source of inoculum
pre;enting furth!f/épread of the pathogen. This type of
control is obviously not feasible in mature‘natural sté;ds,
but can effectively reduce the incidence of the disease in a
localized area. Hrfected treesiin‘and around the Pine Ridge[
Forest Nursery‘fn Smoky Lake, Alberta have been treated in
this way. Further reduction or elimination of western gall

rust problems in nurseries can be obtained if new operations

. ~

are located in areas that are free of the disease or where
" pine does not occur. Pruning galls or removing whole trees
"during thinning and spacing operations can help to reduce
inoculum levels in intensively managed stands.

Prelim}nary tests of chemical control of western gall
rust have been conducted, (Merril and Kistler 1976, Huber
1980, Hiratsuka and Allen 1980) but as yet, field trials
have shown limited success. Such controls, if possible;
could be used in tree nurseries to prevent infection at
times of the year when the risk of infection is high.

A number of organisms have been observed to
hyperparasitize western gall rusL galls (Byler 1970, Byler
and Cobb 1969, Byler et al, 1972, Hiratsuka et al. 1979,
Tsuneda and Hiratsuka 1979, 1980, 1981a, 1981b, Tsuneda et
al, 1980). Some of these parasites are abundant in certain

localities and have been reported to cause a significant
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reduction in the activity and number of sporulating galls.
Byler and Cobb (1969) reported'that 44% of 2 year old galls,
and 97% of the 3 to 6 year old galls‘on selected pine stands
in California were inactivated by hyperparasitic fungi.

Byler (1970) found that’ " Nectria fuckeliana Booth was the- -

most common and efficient gall killer in the plots where it

\
was present.” In western Canada, Scytalidium uredinicola

Kuhlman et al. and Cladosporium gaflicola Sutton were both

found to be strohgly parasitic to E. harknessii (Tsuneda and

Hiratsuka 1981a). A third mycoparasite, Monocillium nordinii
(Bourchier) ﬁ. Gams; was reported by these authors to be a
less effective biocontrol agent in the field. Howéver, its
ability to produce tﬁe antibiotics monorden and monocillin I
(Ayer et all 1980) raise the possibffaty of its use in the
production of antifungal c&hpounds.

These and other mycoparasites are thought to be
contributing factors to the gjilatural control of western gall
rust (Byler et al. 1972). Their use as biological control *
ageﬁts has been suggested (Byler 1970, Tsuneda and Hiratsuka
1981a) but they remain untested under field cohditions.

Genetic tree improvement programs are well established

for breeding white pine resistance to Cronartium ribicola

and resistant stock has been produced (Bingham 1983).
Simiiar efforts to develop hard pines that show resistance
to western gall rust are now be{ng initiated as part of a
lodgepole pine improvement program that is being started in

western Canada and the U.S.. Included in this program are
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studies to determinevthe genetics of the.host—parasite
relationship, to examine the details of the infection
process, and to further desccibe Qost—parasité interactioné.
- A

Study Objectives

The life history and epidemiological chéracteristics of
western_gall‘rust?have been well described, but many
features of the disease are unknown. In order to implement
an effectivé\control bfogram, many aspects of the disease
must be fully understood. These include the infecti9n>
_process, how the fungus develops in the host, and how the
host responds to infection. The identification of
susceptible and resiStant host reactions may guide the
selection of characteristics to epphasize in.a breeding
program. | | '

- Previous research on western gall rust has‘dééf% with
the diséase as it affects older. trees. In the course of
study of thé infection process of E. hafknessii on various
ages and types 6& pine tissue, juvenile seedlings were found
to produce an'easiiy recognizable résponée infection. In
light of .the increasing import&née of nurs rf seedlings in
forest regehﬁfation, and the potential dan rs‘thaf E.
harknessii presents to young seedlings,‘fur er study of
this type of inféction was warranted.

The remainder of this thesis presents an examination of

the events surrounding the infection of -lodgepole pine

seedl'ings, that are léss than one year old, by

®



E. harknessii . More specifically, the objectives of this

o »

study were to :

1) Describe the anatomy and developmént of Pinus contorta

seedlings from germination to budset. Emphasis. was placed on
the anatomical changes that are i1mportant in relation to

infection by E. harknessii .-

2) Tllustrate and describe the locations and methods of

fungal entry into jg;enile seedlings of Pinus contorta

3) thline where and how E. harknessii develops in the host .

following infection.

v -

4) Characterizé therﬁost response to infection, describing

the range of reactions exhibited;by the host.



I11. Materials and Methods
Test Materials | . -

Lodgepole pine seeds used in this study were obtained‘
from the seed extraction plaht at th Pine Ridge Forest
Nureery at Smoky Lake, Alberta. The original seeds were
collected in the Grand Prairie forest:

Aeciospores af E. harknessii were collected from a
number of Alberta locations including Maligne Lake road and
Mt. Edith Cavellxﬁn Jasper National Park, the Robb road near
Hinton, and from trees growing in St. Albert. The galls were
;emerd from the trees and returned to the laboratory fer
extraction of spores. The extraction procedure involved
sieving the spores through a fine mesh wire screen directly
into vials for storage (Figure 6). The spores were stored
frozen (-20 C).in capped glass vials in lots of appoximately
0.3 g (Nelson 1970). Efforts were made to minimize the time
between gall collection and storage&and to keep the spores
as’éry as possible. This helps to maintain the spores in a

viable condition and reduces losses to hypeiparasites.

Growth of Pine Seedl1ngs : | s Ve
The pine seeds were.,planted in limed peat (2.6 9

CaCO,/L_peat) in Spencer-Lemaire Rootrainers, Seedllngs were

grown in the greenhouse under an 18hr photoper1od Weekly

NPK fertilizer (229-29-154) (Carlsgn 1979) was app;ied \

starting approximately sixteen days after germination,
o . ,

23
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Figuf% 6 - Spore extraction from a western gall rust gall.
Figure 7 - Inoculation. procedure, misting seedlings with

distilled water.

Figure 8 - Inoculation procedure, blowing E. harknessii .

aeciospores onto seedlings. s
i ‘ ) X
¢ L

Figyre 9 - Inoculation procedure, moi'st chamber created with

moist paper towels and plastic.
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Inoculation procedure

Seedlings were removed from the greenhouse for
inoculation at various ages, ranging from 11 to 76 days
after the date of planting. The seedlingg were first misted
with distilled water (Figure 7). Spores were then dusted
onto the surface of the plants. An effort was made to
achieve complete caverage. Two methods of applying spores
were used. Spores were "puffed” on to the plants using a
"Devilbiss" aspirator. A sécond method involved scooping‘gry
spores onto a spatula and blowing them onto the p}ant with a
disposable glass pipette connected to an air line (Figure
8). The latter proved to be a more precise and less wasteful
method of applying tﬁ; spores. No attempt was made to
control the number of spores applied to each plant. The
seedlings were then loosely wrapped w%th moist paper towels
and tightly covered with plas;ic, creating a moist chamber
(Figure 9). The plants were .then incubated at 15 C for 24
hours; then they were uncovered, and returned to the
greenhouse. Normal growing conditions were resumed until the

plants were needed for observation.

Methods of Observation
Seedlings were examined by light microscope using a

variety of preparations including hand-sectioning live

material, paraffin-sectioning fixed specimens, or by using

scanning electron microscopy (SEM) methods.
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a) Hand Sectioning

For immediate obervation of live material,
hand-sectioning was done. }Tansverse segfions of stems and’
needles were made under a dissecting microscope using single
or double-edged razor blades. Epidermal peels were made by
isolating an area of tissue with razor blade cuts and
peeling off the tissue with the aid of forceps and
micro-dissection needles. In both cases tissue sections were

mounted in 70% Ethyl alcohol (EtOH) and/or lactophenol and

stained with cotton blue-lactophenol.

b) Paraffin Sectioning

Permanent sections of tissue were prepared by
conventional paraffin sectioning methods. This provided a
permanent record and aliowed for serial sectioning of
tissue.

Specimens to be embedded in paraffin were first fixed
in a 70% formalin-acetic acid-alcohol (FAA) solution for 24
hours or more. The dehydration, infiltration, and embedding
pFocedures were all done under vacuum following the
tertiary-butyl alcohol method outlined in Sass (1958).
Sections 10 micromters thick were cut with a rotafy
microtome and affixed to glass slides using a solution of
Haupt's adhesive and formalin (Bissing 1974).

A numbe:.%f stains were tried in order to obtain clear
views of fungal structures.in the pine tisgsue. These

included Orseillin BB - Aniline blue (Hutchinson 1935, True
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1938, McKenzie 1942), Pianeze I1I-B (Waterman 1955),
Safranin - picro-Aniline blue (Jewell 1958, Peterson and
Shurtlef 1965), and Safranin - fast-green (Gurr 1965). The
modified Safranin - fast-green method outlined below was

found to be the most satisfactory.

1) Remove paraffin with 2 changes of xylene, 10 min. each.
2) Rehydrate the sections to 50% EtOH through a graded
series (100, 95, 70, 50) of alcohols, 5 min. each.

3) Stain in 1% Safranin O in 50% EtOH for 8 min.

4) Dehydrate to 100% EtOH through 70, 95% EtOH, 2 min each.
5) Counterstain in 4% fast-green in 100% EtOH for 20 sec.
6) Rinse in 3 changes of 100% EtOH, 1! min. each.

7) Rinse in 50/50 xylene/100% EtOH for 5 min.

8) Clear in 50/50 xylene/clove oil for 5 min.

9) Rinse in 2 changes of xylene, 5 min. each.

10) Mount in Clearmount.

c) Scanning Electron Microscopy (SEM)

The SEM was used to identify potential germ tube
penetrations, and to verify infections by viewing the
tissued from below the entry points. Various methods, as
outlined below, were used in the éreparation of materials
for scanning.

i) Osmium vapour fixdtion - freeze drying
Fresh tissue was cut into segments approximatelj 1 cm

long and placed on a glass plate which was raised above the
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base of a 6 cm glass petri dish. 1 to 2 ml of a 2% osmium
tetroxide solution was pipetted 1into thelspace below the
glass plate. The petri dish was covered with its 1id sealed
with Parafilm, and the tissue was fixed for 8 to 12 hours.
By this method, osmium vapour filled the sealed petri dish,
fixing the tissue without disturbing fungal spores resting
on the surface. Fixed tissue segments were then plunged
directly into 1liqui8l nitrogen and freeze dried prior to
mounting for SEM observation. Surface tissue distortion was
encountered, limiting the use of this method.
ii) Osmium liquid fixation‘* critical point drying

Fresh tissue was cut into segments approximately 1 cm
long and placed directly into a vial containing a 3% agqueous
solution of osmium tetroxide. The tissue was fixed for 8
hours, washed in several changes of distilled water, and
dehydrated to 100% EtOH through a graded alcohol series. The
specimens were then cri;ical point dried and mounted for SEM
observation. Although some of the spores washed off the
surface of the host plant during this preparation, the
tissue preservation was superior to the vapour fixation
method. As well, cuticular wax which was present on the
outer surface of the host tissue and which reduced the
visibility of some fungal structures was removed by this
process.

Specimens dried by both methods were affixed to
observatid% stubs with double-coated sticky tape, carbon

glue, or silver glue. Immediately prior to observation,
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tisLue;pecimens were sputter-coated with gold. Coated
specimens xere observed with a Cambridge 250 scanning
electron microscope.
ii1) Microdissection

The scanning electron microscope restricts observation
to the surface of a specimen. Therefore, in order to show
that a germinated spore had entered the host tissue, and was
proliferating in the tissues beneath, a microdissection
procedure was devised to allow observation of the internal
plant tissues. The procedure as used in the preparation of
Figures 19 and 20 is as follows. After the suspect infection
(Figure 21) was located with SEM, the specimen was removed
from the vacuum chamber and observed with a stereo
Adissection microscope. Using 50X maginification, the spore
and stoma weré relocated. ﬁ&double.edged razor blade was
then used to make a transectional cut as close to the stoma
as possible. This“exposed the sub-stomatal chamber and

underlying tissues. The dissected stem was then re-coated

with gold and examined again with the SEM.



III. Results

A. Host Anatomy

Lodgepode pine seedlings were grown and observed at
various stages of development (Figure 10).

Within a few days of planting, the radicle broke
through the seed coat and began to elongate. At the same
time, the hypocotyl was elongating, primarily by intercalary
growth (Smith 1958). Within one or two days of germination
the seedling root was able to penetrate the soil, and from
that point on, the seedling stood erect. Cotyledons reached
full development after the hypocotyl was fully extended at
which time these were often held together at the tips by the
remanins of the seedcoat. The hypocotyl and cotyledons
generally reached their mature length ip one week under
~optimal conditions. Primary needles began to appear in the
axils of the.cotyledons within about two weeks of
germination (Figure 11). At about thé fourth or fifth veek,
epicotyl elongation began, secondary needles appeared, and
the color of the hypocotyl changed from green to‘fed (Figure
12) . The epidermis of the hypocotyl became drier and
eventually began to crack and split logitudinally. By the
time the seedling was 7 to 8 weeks old, epicotyl elongatibn
was well under way, the hypocotyl epidermis was dry and |
dead, and the underlying tissues (periderm) began to mature
and become lignified (Figure 13). Lateral buds developed and

4
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Figure 10 - 19, 33, 54, and 85-day-old lodgepole pine
seedlings, showing differences in height growth and seedling

~maturity (magnification .5X).

Figure 11 - 19-day-old lodgepole pine seedling showing
incomplete development of hypocotyl and primary needles

(magnification 10X).

Figure 12 - 33-day-old lodgepole pine seedling showing
extended primary and secondary needles and hypocotyl

maturation (magnification 10X).

Figure 13 - 54-day-old lodgepole pine seedling showing
elongation of ths stem and splitting of the hypgcotyl

epidermis (magnification 6X).

Figure 14 - 85-day-old lodgepole pine seedling showing
development of phelleq and rhytidome on the hypocotyl and
stem, and lateral shoot initiation from the axil of a

primary needle (magnification 6X).
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elongated and growth coptinued until budset which started
an&where from 10 to 16 weeks after germination. The
maturation of the eéongating epicotyl was acropetal and was
characterized externally by the drfing and hardening ?ﬁwthe
epidermis'(Figure 14). By the end of the growing season,
when the terminal bud was set, this éissue maturation Qaé
evident on the entire stem. In contégst to the hypocotyl
which appeared red, and then brown with inreasing
development, the epicotyl remained green throughout most of
the growing season (Smith 1958).

The inngrqal development of the seedling-reflected the
events that*‘é?é‘dccurring externally. The hypocotyl, as it
began.to elongate was comprised of a thin epidermis which
had stomata, undeg?ain by the cortex, a wide zone of large
thin-walled parenchyma cells, which surrounded the
rudimentary vasculature and pith. Within two weeks'of
germination, the xylem and phloem cells'began to develop and
~an endodermis formed, identifiable by Casparian thickenings,
in the cortex external to the vascular tissues. By about the
third or fourth week, cambial activity began and secondary
xylem and phloem were produced. At the same time, the layer
of cells immediately underlying the endodermis divided
bericlinally, initiating the development of the periderm, or
cork cambium. The periderm appeared first near the base of
the hypocotyl and developed acropetally (Borger and

Kozlowski 1972). Within two weeks the periderm was well

formed and the cortical cells external to it had died and
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collapsed. As the hypocotyl continued to grow in diameter,
these layers of dead cells, including the epidermis, dried
and split longitudinally. In the subsequent development of
the epicotyl, the periderm was formed in the subepidermal
cells of the cortex. This produced phellem cells outwardly,
resulting in the death of the epidermis and the iqitiation
of the rhytidome.

Stomata were found on both surfaces of the needles and
on the epidermis of the young hypocotyl, although in the |
latter case these were sloughed off as the hypocotyl
matured. Stomata were not produced on the epicotyl;
similarly ndne vere produced on the elongating candles of
older plants. .

The developmental sequence of most young conifer
seedlings is similar to that des;r}bed here. Emphasis was
placed on the formation of the periderm and the collapse of
the cortex for this marked the end of the highly susceptible
succulent period of and provided the seedlings witb some
mechanical protection against fungal attack (Baker 1950) .

¥

B. Penetration

Spore Germination

\ 4

Keciospores landed on all su}faces of the seedlings and

began to germinate under the proper conditions of ——

temperature and moisture. Germination involved the

production of a single septate germ tube, one to four cells

°
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long (Figure 15)% \Germ tubes were often branched, with
branches ori@inatlng from the proximal cells of the germ
tube. Germ puge growth often followed the longitudinal
"crevice" between the epidérmal celis. Clumping of spores
frequently occured, and was often accompanied by growth of
the germ tubes away from‘the surface of the host. Such
aerial'growth could have been a result of the high humidity

conditions established in the inoculation procedure.

Host Penetration |

The fungus appeared to enter thé\host by two methods,
direct penetration and stomatal'qntrx. Direct penetration
was observed primarily on elongating gtem tissue, although
some suspected direct penetrations were ob3erved on young
hypocotyls (Figure 23). Typically, géﬁm tuﬁeéapenetra;ed'the
host at some point in the crevice betwéRn'thé epidermal
cells (Figures 16, 17, 18). Similar'obseQQations were made
of spores germ1nat1ng on elongating stem tissue of older

\

seedlings (2-0 and 3-0 trees). Figures 17 and 18 show a germ
e $

tube emerging from a cluster_of four spores, and termlnatlngk
in an appressorium-like swelling. The epidermal cell - v
1mmed1ate1y adjacent to th1§gyenetrat1on shows red
discoloration. This was the only discolored cell obéerved on
the stem of this seedling. Red discoloqation of affected
cells is thought to be a typical host respohse'to infection.
The fungus Qas also obServedaté ehter thrcugh'stomata h

<

on cotyledons and needles. Figure 19 shows a germinating

s
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Figure 15 - Germinating E. harknessii spore on the stem of a
lodgepole pine seedling. Arrow indicates septate germ tube

(magnification 1570X).

e
-

F1gure 16 - Germinating E. harkne5511 spore on the stem of a
lodgepole pine seedling. Arrow indicated p0551ble point of

direct penetration (magnification 1050X).

Figure 17 - Direct penetration of elongating stem tissue of
a 57-day-old lodgepole pine seedling bylg; harknessii :
Arrow indicates germ tuoe. Noﬁe‘red epidermal cell at the
point of penetration (magnification 400X).

‘ | TS

Figure 18 - Same as Figure 17. Arrow indicateS‘éppressorium

(magnification 640X).

Figure 19 - Germinating E. harknessii spore with a branched
germ tube enterlng a- stomate on the cotyledon of a

\

40-day-old lodgepole pxne seedlxng, 1noculated when 11 days

4

old (magnification 300X). , . A f
Flgure 20 - Same as F1gure 19, but viewed from 1n51de the
substomatal chamber, showing mycel1a1 development 1n51de the

) needle (magn1f1cat1on 3750X).
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spore whose branched germ tube is entering a stoma on a
cotyledon of a seedling inoculated when 11 d;ys old. The
epidermal cells arpund this stoma showed the characteristic
red discoloration (Figures 25, 27) suggesting that
penetration of host tissues had taken place. Microdissection
allowed internal examination of this specimen. Figure 20
views the same stoma as Figure 19 from the inside of the
sub-stomatal chamber. The germ tube and branch can be seeﬁ
entering the stoma and growing into the surrounding tissues.
This provides evidence that E. harknessii can infect young
pine seedlings through entry into stomata on the needles.
Germ tubes were Séen to enter stomata on young hypocotyls
(Figures 21, 22). Fungal entry by this method or by direct
penetration (Figure 23) resulted in the successful

infections that were observed on hypocotyls (Figures 24, 25)

26).

Location of ?enetration

The location of infection seemed to be deéermined bi"
- the age at which the seedlings were inoculated. Figures 25,
26, and 27 show a lodgepole pine seedling that was
inoculated when 11 days old. At the time of inoculation the
.only plant parts present were the hypocotyls and the ‘
cotyledons. The areas of red tissue discoloration mark the
location of successful infections on these organs.

Microscopic examination of these areas showed the fungus to

be present. Haustoria were observed in the epidermal cells

)



Figure 21 - Germinating spore of E. harknessii entering a
stomate on the hypocotyl of a 20-day-old lodgepole pine

seedling (magnification 2100X).

Figure 22 - Germ tube of E. harknessii entering a stomate on
the hypocotyl of a 20-day-old lodgepole pine seedling. Hand
cross section stained with cotton blue (magnification

1600X) .

Figure 23 - Germinating E. harknessii spore entering the
hypocotyl of a 20-day-old lodgepole pine seedling by direct :

penetration. Epidermal peel stained with cotton blue. Arrow

indicates point of entry (magnification 1900X).

Figure 24 - Haustorium and mycelium of E. harknessii in the
hypocotyl of a 20- day 0ld lodgepole pine seedling. Fungal
tissues lie 1mmed1ately below the epidermal cell. Epidermal

peel stained with cotton blue (magnification 1600X).






Figure 25 - Tissue discoloration caused by E. harknessii
on the hypocotyl and cotyledons of a 35-day-old lodgepole
pine seedling, 24 days after inoculation (magnification
3.5X).

Figure 26 - Same as Figure 25. Close up of hypocotyl

discoloration (magnification 17X).

Figure 27 - Same as Figure 25. Close-up of discoloration on

cotyledons (magnification 17X).

Figure 28 - Tissue discoloration caused by E. harknessii
infection at the base of the primary needles of a 37-day-old
lodgepole pine seedling, 21 days after inoculation

(magnification 17X).
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of hypocotyl infections (Figures 24, 26), and hyphae were
seen proliferating in the infected areas of needle tissue.
Figure 28 shows an infection at the base of the primary
needles in the axil of the cotyledons. This was the most
common site of infections on seedlings inoculated when 25-35
days old. As these seedlings grew, they developed symptoms
similar to those shown in Figure 29. .

Inoculations on older seedlings were also successful,
but the location of the infections differed from those on
younger plants. Figure 30 illustrates the red discoloration
symptom produced on a seedling inoculated when it was 54
days old. This infection developed high on the epicotyl,
suggesting that the area of susceptible tissue was no longer
near the cotyledons but closer to the growing tip. Figures
31 and 32 also show seedlings which were inoculated at an
older age of 63 days. Again, the infections developed high
on the stem, or on the needles surrounding the growing tip
(Figure 32). These partiéular.infections showed this
striking reaction 7 days after inoculation. None of the

tissues on the lower part of these stems showed ahy sign of

infection.

C. Colonization

This section describes the events in the colonization
of lodgepole pine by E. harknessii after the germ tube had
entered the host plant. The manner in which the fungus

developed depended to a large eitent on the stage of



Figure 29 - Tissue discoloration on lower epicotyl of a
65-day-old lodgepole pine seedling resulting from an
infection by E. harknessii , 43 days after inoculation

(magnification 17X).

Figure 30 - Tissue discoloration caused by E. hgrknessii
infection on the upper stem of an 85-day-old lodgepole pine

seedling, 31 days after inoculation (magnification 20X).

Figure 31 - Tissue discoloration caused by E. harknessii
infection on the upper stem of a 63-day-old lodgepole pine
seedling, 7 days after inoculation (magnification 17X).
Figure 32 - Same as Figure 31, but on upper needles

(magnification 8X).
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development that the seedling had attained when it was
inoculated. “

Shortly after entry, the fungus moved into the cortical
cells immediately underlying the epidermis and established
haustoria (Figure 33). In some cases, particularly in upper
stem infections, the fungus showed rapid vertical growth in
a narrow column of cells in the outer cortex. This was
,visible externally as a reddish colored vertical strand of,
cells (Figure 34). Within the stem, the fungus showed very
little tangential or radial growth. One such strand, in a
seedling sectioned serially 8 days after inoculation,
affected approximately 30 cells near the infection site,
narro%ing to approximately 10 cells more than 2 mm down the
stem (Figure 35). Haustoria were consistently produced in
these cells (Figure 36).

The cells in the outer cortex of an elongated stem
segment aliowed unobstructed movement along the vertical
a;is. In contrast, infections on younger epicotyl tissue
occurred where little internodal tissue was present (Figure
12). These showed less initial vertical movement of
mycelium, due perhaps to the complex orientation of the host
cells at this site. The further development of infections at
this age j; tissue showed the fungus proliferating in the
cortex, growing radially toward the vascular cambium, and
circumferentially around the stem. Thg mycelium in the

P

cortex followed the convoluted path that the spaces between

\\fhe cells allowed (Figure 33). Deeper intrusions into the
N



Figure 33 - Hyphae (Hy) and haustorium (Ha) of E.

==

harknessii growing in cortex of 39-day-old lodgepole Bine

stem (magnification 640X).

Figure 34 - Upper epicotyl of 72-day-old lodgepole pine, 7
days after inoculation with E. harknessii . Streaks of red
tissue discoloration indicate the presence of the fungus

(magnification 20X).

Figure 35 - Cross section of 37-day-old lodgepole pine stem,
21 days after inoculation with E. harknessii . Arrow

indicates infected area (magnification 42X).

Figure 36 - Higher magnification of Figure 35 showing hyphae

and a haustorium (magnification 1470X).

Figure 37 - Stunted haustoria of E. harknessii growing from

a xylem ray into xylem cells. Longitudinal section of

.

lodgepole pine stem (magnification 1600X) .
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stem were made through the iylem and phloem rays where the
cell orientation permitted ease of radial growth. Similarly,
the vertically oriented phloem cells and resin ducts seemed
to allaow more rapid growth along that axis.

Hyphae that grew through xylem rays often produced
haustoria tﬂat'penetrated into xylem cells (Figure 37).
These were much smaller and rounder than the haustoria
observed in other tissues.

‘As the infected seedlings grew older, the amouﬁt of
infected tissue increased, with the fungus moving
longitudinally, radially, and vertically in the stem.
Vertical development occurred in two ways. The bulk of the
mycelial growth was associated with normal stem elongation,
where the fungus grew in phase with the elongeting stem.
Infections tbat occurred in internpdal areas on seedlings
prior to elongation, developed with the stem in this fashion
and the fungus occupied all of the internodal tissue when
elongation was complete (Figure 29).

Infections that occurred on the stem in axils of
needles or lateral buds were seen .to grow into the base of
thesé structures. Here too,.the fungus grew in phase as
elongation took place in these tissues. Observations made
one to two months after inoculation showed that needles that
were young and undevelop?d‘at the time'of infectien
contained the fungal éiséues further up from the base than
did needles that were fully develeped when infected.tFor |

example, cotyledons which were nearly mature at the time of
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mdst inoculations were never found to have mycelium more
than 0.5 mm from their basq. The mycelium in primary needles
however, often penetrated more than 2 mm yp from the base.
In most cases, these needles died.

The sécond method of vertical growth occurred in the

absence of stem elongation. In stems of seedlings observed 2

N

needles, such growth was restricted to the vascular tissues.;J

months after inoculation, upward mycelial growth was

occurring in the vascular tissues and resin ducts. In

The fungus was also observed to move downward and cause
swelling in the hypocotyl (Figure 38). This was a common
occurrence, especially in infections occurring at the base
of the epicotyl, and resulted in the formation of fusiform
galls.
~ “E. harknessii was observed to enter through the stomata
of cotyledons and young primary needles. After entry, the
mycelium proliferated and moved easily through tle loosely
packed mesophyll cells (Figure 39). The extent of fungal
growth along the long axis of the needle was not ascertained
but it appeared to be limited. Discrete areas of reddish
discoloration were observed (Figure 40) which did not

-

coalesce.

D. Host Response -

Lodgepole pine response to E. harknessii infection of
juvenile tissues varied among individual plants. Upon

initial fungal penetration, the host tissues turned red at
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- \ *
Figure 3&- 198-day-old lodxle pine inoculated when 29

days old. Fungal growth has mOW down the hypocotyl and

' L]
swelling has occurred (magnification 4.2X).

!

Figure 39 - E. harknessii hyphae growing in needle tissue of
a 41-day-old lodgepole pine seedling, 30 days after

inoculation (magnification B00X).

Figqure 40 - Red discolored spots on 77-day-old lodgepole
pine cotyledons, 66 days after inoculation with E.

harknessii (magnification 6X).



53




54

the site of infection. In one case of direct penetration, a
single host cell was initially affected (Figure 17). As the
fungal hyphae grew into and along the vertical axis of the
stem, contacting more cells, further pigmentatioh occurred
(Figure 34). Not all cells that changed color were
penetrated by hagztoria, but the response seemed restricted
to cells that were in contact with hyphae (Figures 35, 36).
Some individual seedlings showed large areas of
discoloration within 7 days of inoculation. No initial
responses to infection other than tissue pigmentation were
observed on inoculated seedlings, and only seedlings that
developed this symptom were observed to produce galls.
However, not all pigmented seedlings developed galls. A
small number of seedlings became externally discolored and
were later shown to be infected, but fungal development was
arrested and the seedlings developed normally.

Internal observations of infected stems showed a host
response in these tissues. As the fungus grew radially into
the stem, the cells of the cortex that came into contact
with the hyphae were modified. Transverse hand-sections made
of infected stems at this stage showed the affected cells to
be filled with a yellowish-brown material. In paraffin
sections prepared with safranin-fast green, these areas
stained 'heavily, ranging in color from red to purplish-blue
(Figures 35, 36, 41). Such stained areas were alvays found
to be associated with fungal mycelium and were therefore

useful in rapidly identifying areas of infected tissue. This
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stain combination has been used to identify the presence of
tannins and tannin-like substances in plant cells &Rﬁr
1965) .

As the infected seedlings continued to develop, areas
of necrotic tissue were observed near the site of infection,
primarily in the outer cortex and epidermal tissues of the
stem. These areas contained fungal material and stained
bright red with safranin-fast green. In some cases, a layer
of peridérm tissue was observéd between the necrotic zone
and the healthy tissue (Figure 42). When the infected stem’
increased in diameter as gall formation began, necrotic
outer tissues split * were sloughed off (Figure 47). When
necrotic tissue included needle bases, the affected needles
usually died (Figure 43). On some seedlingg only one or two
needles were killed and stem growth continued normally. At
the other extreme, all needles were affected and the
seedlihg died within a few weeks of inoculation (Figure 44).
Such mortality only occurred when seedlingi were infected at
an early stage of development (less than 30 days) .

Some seedlings exhibited limited needle death, but were
severely stunrted (Figure 45). These had roughly the'same
number of needle traces as plants of an equ{valent age, but
showed no internodal elongation. ~ .

Another growth anomaly was observed on seedlings that
were inoculated when about 30 days old (Figure 46). Above
the point of infection, the ep‘icotyl seemed to be normally

elongated, but the stem tissue was swollen and the needles



Figure 41 - Haustoria in tannin-filled cells at the base
of a secondary needle in a 117-day-old lodgepole pine
seedling infected with E. harknessii when 41 days old.

Longitudinal section, (magnification 1600X).

Figqure 42 - Periderm cells bordering necrotic tissue in a
1gross-section of a 117-day-o0ld lodgepole pine stem,
inoculatedewith E., harknessii when 41 days old

(magnification 400X).

Figure 43 - 142-day-old lodgepole pine seedlings, both
inoculated with E. harknessii when 29 days old. Note

difference in growth (magnificatioh 1X).

Figure 44 - Mortality of lodgepole pine seedling, 30 days

after inoculation with E. harknessii (magnification 2.4X).
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were discolored. In contrast, the hypocotyl was poorly
developed with little or no additional diameter growth.
These seedlings generally collapsed, bending near the
cotyledons as the underdeveloped hypocotyl was unable to
support the swollen epicotyl. This phenomenon is thought to
be due to a complete blockage of the phloem at the infection
site, preventing the flow of c;rbohydrates from reaching the
hypocotyl and roots.

Some seedlings which initially showeé pigmentation
symptoms were able to recover from the infection and resume
normal growth (Fig 43). In these seedlings fungal hyphae
were present in necrotic lesions near the infection site,
and had not spread to the surrounding tissues. Most of the
seedlings that were successfully inoculated developed stem
swellings within 4 months. These varied in shape, from
fusiform to globose, and in position on the stem, as
determined by the seedling age at the time of inoculation.

Figures 47 and 48 show cross-sections of 138-day-old
pine stems, taken from equivalent positions of infected and
uninfected stems, respectively. Figure 47 exhibits the
increased size and number of xylem cells characteristic of
gall development. Within 6 months the swellings had become
more globose, and showed the typical external appearance of

an E. harknessii gall (Figure 49).

-



Figure 45 - 198-day-old lodgepole pine seedling sﬁowing
severe stunting. Inoculated with E. harknessii when 29 days

old (magnification 1X).

Figure 46 - Epicotyl swelling and needle discoloration
caused by phloem blockage on lodgepole pine seedling

infected by E. harknessii (magnification 3.5X).

Figure 47 - Cross section of a 131-day-old lodgepole pine
stem, inoculated with E. harknessii when 22 days old

(magnification 77X).

Figure 48 - Cross section of an uninfected 131-d5y-old
lodgepole pine stem, taken from roughly the same position as

Figure 47 (magnification 77X).
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Figure 49 - Gall development on a 206-day-old lodgepole
pine seedling, inoculated with E. harknessii when 20 days

0ld (magnification 1.8X).
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IV. Discussion

The successful penetrations by Endocronartium harknessii

suggest that tissues on all above ground parts of young
lodgepole pine seedlings are susceptible to infection at
some time during their first year of growth. However, as the
seedlings develop, tissues mature and change, preventing
fungal entry and infection. This is seen in the maturing
hypocotyl (Figures 11-14). Hypocotyl tissues are susceptible
to infection when the seedlings are less than 20 days old,
that is until the formation of the periderm and éubSequent
rhytidome development. Once the periderm is well devéloped,
fungal penetration does not occur.

Similarly, young epicotyl tissue ié susceptible to

infection, but becomgs resistant to penetration as it

matures. Maturation bedins at/ the base of the epicotyl and

continues up the stem as ongation takes plage. However,

A

new tissue is being produced near the growing tip, so there
is always some susceptible tiséue on the seedling until
elongation is complet; and the bud is set. As a result,
galls'hrJ'?ormed on the ‘lower portion of seedlings infected
at a young age, whereas seedlings infected when elongation
is further advanced prodﬁce galls higher on their stems.
This 'is a similar situatién to that observed on the
elongating shoots of older trees.

The development of E. harknessii mycelium in the host

seems to be affected by the laocation of the infection on the

.stem. Fungal tissues were observed to move primarily by

/

63



ot <

D o

growing with dividing host cells in elongating stems. By
this method of movement, infections occurring on rapidly
elongating ti55ue would be expected to produce galls with a
longer vertical axis than those infections occurring where
the growth rate was less. This could help to explain the
variation observed in the shapes of galls, from.fusiform to

spherical. ,

Needle and hypocotyl infections by E. harknessii on
lodgepole pine seedlings have not’been described previously.
The development of the fungus in such infections was limited
to discrete lesions. It is doubtful that needle-infections
would ever grow into the stem unless ?hey occurred very
close to the base of the needle. Consequently, it is
unlikely that needle infections result in gall formation.

] A wide range of reactions to infection by E. harknessii
was observed on the lodgepole pine seedlings. This variation
in response could be due to a numﬁer of factors.\First, the
density of spores applied to eéch plant during the
inoculation procedure was unc;;trolled making the number of

kinfections per plant variable. The severity of the host

)response could also be affected by spore density. Studies on

A
- pine seedlings infected w1th fusiform rust showed ‘that h1gh

inoculum density and high hqst resistance increased the rate
and magnitude offpigmehtation'following infection'(Lundquist
and Luttrell 1982), In addition, the distribution of
infections differed among plants. Some may have had many

infections in a small area which could have resulted in a
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more severe host reaction.

Another major cause of variation in host response could
be due to differences among sporé lots used for inoculation;
Different spore sources were used and tests revealed ®
germination rates that ranged'f:om'approximateﬁy 30% Ex
100%. Sdme of the spores ha? been frozen for several months
prior to use in inoculation, whereas some were used the same

Fd

day'that they had been extracted. Natgga@kvariation in
fungal virulence could be another contribﬁting féétor.

1f the differences in host response due to such factors
could be reduced, differences &n host resistance to the "

D

funggs might be more -easily idghtified. figld observations
of disease-free lodgepole pine grow1ng 1?/;tands heavily
1nfected with western gall rust suggeSt that such re515taﬂce
‘mechanisms are present in the’host population. Such
mechanlsms could be operatlng in the seedllngs at this stage
and could be used in the aevelopmg‘t of disease. resistant
stock. ﬁg . |

Some of the host responses observed in the dlseased
seedlings may be linked to resistance mechanisms. The
accumulation of tannins in hoSt:célls, for examplé, has been
;hought,to'retafd‘;he growth of rust hyphae in pine tissue .
‘(Hutchinson‘1935) In this study, hyphae and haustoria wqré“
observed in tannin- filled cells (Figure 41), but whether or
not they were f&ﬁct1onal remains in quest1on. Wa1k1nshaw

(1978) reported that tannin did not limit the development of

fusiform rust hyphée in pine seedlings. He felt that the. ?

-

\



deposition of tannin in slash pine (Pinus elliottii var.

elliottii Engelm.) was a normal response to infection, but
was not responsible for resistance to the fungusr’

The observed development of periderm tissue around some
infected areas may be linked to a résistance dechanism. e

Further study of this response is indicated, particularily

‘as it relates to the normal process of stem maturation.

-k
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V. Conclusions
Western gall rust is an important disease of forest trees in
North America. As the needs of forest regeneration programs

increase, more. demand is being placed on nurseries to

- produce healthy planting stock.

This study was aopreliminary examination of the early
stages of the infecti&n of lodgepole pine by E. harknessii .
The results have shown that Qestefn gall rust poses a
significant threat to pine seedlings in their first year of
growth. Seedlings infected at this time generally develop
m;in stem galls which are invariably iethal. The recognition
and control of the disease in forest nurseries is therefore
imperative in order to prevent loss and to control the
spread of infected seedlings.

Potential control strategies are inflquced by the
results of this study. The observation that young epicotyl
tissue is the primary infection court for E. harknessii
directs our attention to that-tissué, and to its physical

and phenological characteristics, for the development and

timing of chemical or biological controls. The tissue

‘pigmentation symptom was observed to be a reliable indicator

of infection,and a useful method of identifying diseased
seedlings. Such an easily recognizable symptbm will be
useful in culling infected seedlinés during greenh;usg
produéti&n. ’

The develépment\of’vestern gall rust resistant seedling

stock may be greatly ticili;atcd through the use of juvenile

. - *
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seedlings. These respond quickly to infection, reducing the
time required to identify resistant genotypes. Further study
is requiréd to more clearly identify resistance mechanisms
and to determine the relationships between these mechanisms
and visible host responses. For example, refinements in the
inoculation technique may allow the use of the pigmentation
response as a selection character.

The next phase of research in this area must quantify
the observations made in this study in order to contribute‘

to 'the assessment of the host-parasite relationship in

seedlings of this age.
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