CHAPTER 4
Cytology of Diplodia pinea in Diseased, Healthy, and
Latently-infected Pinus nigra Pine Shoots
Introduction
Diplodia pinea can persist in its pine host without causing tip blight symptoms
(Stanosz et al. 1997; Flowers et al. 2001). Little is known about these latent D. pinea
infections, but they may be very important in the tip blight disease cycle. Latent
infections are widely believed to transform into pathogenic ones, causing severe tip blight
symptoms, when the host experiences stress, such as drought (Stanosz et al. 2001).
Austrian pines in Lexington displayed more severe symptoms, and succumbed to tip
blight disease more often, during drought years even though conditions were not
conducive for dissemination or germination of D. pinea spores (Flowers et al. 2001).
Latent D. pinea infections were common in Austrian pines that had no symptoms of tip
blight, and in asymptomatic shoots of diseased pines (Flowers et al. 2001). Dissection
studies suggested that these latent infections were localized in the region outside the
vascular cambium of asymptomatic shoots (Flowers et al. 2001). Cytological studies of
asymptomatic, latently-infected Austrian pine shoots could reveal how and where D.
pinea latent infections occur. Comparisons of latently-infected asymptomatic versus
diseased shoots might provide information about how latent infections could transform
into pathogenic ones. Stained thin sections of resin embedded, fixed diseased tissues
have been used previously for studies of various fungal pathogens of Pinus, including D.
pinea (Bonello et al. 1991; Simard et al. 2001; Krekling et al. 2004). However, to my
knowledge, cytological methods have not been used to study latent fungal infections of
conifer shoots. The problem with this approach has been differentiating latently infected
shoots from healthy, uninfected shoots. Asymptomatic pine tissues typically contain a
large number of different fungal species, and so it is important to be able to distinguish
these from the latent pathogen by comparing latently infected tissues with uninfected
controls. As part of my Masters research, I developed a nested PCR technique that can
accurately detect latent infections of D. pinea in asymptomatic shoots (Flowers et al.
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2003). I used this technique to identify latently infected versus uninfected asymptomatic
shoots for the study that is described in this chapter of my dissertation.
Familiarity with the normal anatomy of Austrian pine shoots is needed in order to
compare diseased with latently infected and uninfected shoots. Tip growth of a pine
shoot originates from the apical meristem located at the shoot apex, in the terminal bud
(FIGURE 4.1). The apical meristematic cells differentiate into the primary meristems:
namely, the protoderm, procambium, and ground meristems (Mirov 1967; Zimmermann
and Brown 1971). These primary meristems later form the vascular cambium and the
cork cambium, also known as the phellogen (FIGURE 4.2C) (Mirov 1967). The
phellogen gives rise to the phellem on the exterior and the phelloderm on the interior
(Zimmermann and Brown 1971). The phelloderm is similar in appearance, and thus
cannot be differentiated from, the adjacent cortex cells (Zimmermann and Brown 1971).
The early periderm, a collective term that includes the phellem, phellogen, and
phelloderm, is located beneath the epidermis (FIGURE 4.2A), and does not develop
further until the shoot matures (Zimmermann and Brown 1971; Shigo 1990). The cortex
consists of parenchyma cells and comprises the region between the phellogen and
vascular cambium (FIGURE 4.2A). The phloem of current-year pine shoots is relatively
simple, consisting only of sieve cells, parenchyma cells, and fibers. Large albuminous
cells are also present throughout the phloem (FIGURE 4.2E) (Esau 1967). The "bark" of
the shoot contains many tissues, including the epidermis, periderm, cortex, and phloem
(Esau 1967; Mirov 1967; Shigo 1990). The vascular cambium is located between the
phloem and xylem. The xylem cells are interconnected by oval border pit pairs (FIGURE
4.2F). Vascular tissues that connect the leaves to the shoot vasculature are known as
needle traces (FIGURE 4.2H). Also present in the shoot tissues are ray cells (FIGURE
4.2F) that intersect the vascular tissues, and resin ducts (FIGURE 4.2A and 4.2D) present
both in the cortex and in the vascular tissues (Esau 1967). A dormant shoot apex is
located in the base of each needle fascicle; thus, each needle bundle actually grows from
a dwarf branch. The scales of the dormant shoot apex elongate into the basal sheath
tissues that surround the needle fascicles (Mirov 1967). If the apical meristem dies or is
removed, a dormant needle fascicle meristem can develop into a new apical shoot (Mirov
1967; Zimmermann and Brown 1971).
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Stained, thin-sections of resin embedded, fixed tissues have been used previously
to observe fungal pathogens in Pinus (Bonello et al. 1991; Simard et al. 2001; Krekling et
al. 2004). For light microscopy, epoxy resin provides a denser support matrix, and
consequently better retention of plant cell and tissue structures, than other embedding
materials (Ruzin 1999). Spurr resin, in particular, is a good choice for embedding Pinus
tissues (Charles Mims, personal communication). Since its introduction in the 1960's,
Spurr epoxy resin has been widely utilized for electron and light microscopy. This resin
has exceptional tissue penetration qualities and has been used successfully on specimens
with high lipid content, tissues with hard lignified walls, and highly vacuolated
parenchymatous tissues (Spurr 1969). Toludine blue O is frequently used to stain
embedded tissue sections. It is a basic stain that is attracted to acidic cellular components
(Ruzin 1999; Simard et al. 2001). Toludine blue O stains all plant and fungal tissues,
however, different tissues are stained at different intensities, ranging from light blue to
dark purple. This tissue preparation method for light microscopy provides very good
resolution of host and pathogen structures during fungal colonization.
I used this traditional embedding and thin-sectioning protocol to directly observe
D. pinea in uninfected, diseased, and latently-infected Austrian pine shoots and terminal
buds. Latently-infected tissues were differentiated from uninfected ones by using a
nested PCR technique specific for D. pinea (Flowers et al. 2003). Comparisons of host
tissue anatomy and fungal development were made at three different times during the
growing season. Although previous studies have examined symptomatic seedlings that
had been artificially inoculated with D. pinea, mine is the first cytological study of
naturally-infected diseased shoots from mature pine trees. In addition, mine is the first
microscopy study of latent colonization by a pathogenic fungus in conifer shoots.
Materials and Methods
P. nigra tissue collection: P. nigra pine shoot samples were collected in May, 2004 (12
tip-blight diseased and 31 asymptomatic shoots); August, 2004 (9 asymptomatic shoots);
and January, 2005 (10 asymptomatic shoots). All samples were collected by using a #2
cork borer (0.6 cm diameter) to remove tissue plugs from the shoot tips of eight tip-blight
diseased P. nigra trees (18-25 years old) on the University of Kentucky campus,
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according to the protocol of Flowers et al. (2003). Four terminal buds from diseased
shoots, and 4 from asymptomatic shoots, were also collected, in March, 2005. Cork
borer shoot samples and whole terminal buds were immediately taken to the laboratory
where they were cut in half. One half was cut into smaller pieces (~3 mm), and
incubated in 2.5% gluteraldehyde fixative (Electron Microscopy Sciences, Hatfield, PA)
in 100 mM potassium phosphate buffer (KH2PO4, pH=6.8) at 4˚C until they were
embedded. The other half of each sample was surface disinfested and prepared for D.
pinea-specific nested-PCR analysis.
D. pinea-specific nested-PCR analysis of tissue samples: The DNA extracted from the
Austrian pine tissue samples was used as a template for D. pinea-specific nested PCR
analysis (Flowers et al. 2003). Asymptomatic tissue samples were categorized as
uninfected (negative for D. pinea) or latently infected (positive for D. pinea) based on the
nested-PCR results.
Spurr plastic embedding of tissue samples: The following embedding protocol is based
on Spurr (1969) and was performed in a fume hood. All of the samples collected were
embedded in resin, although not all of these were subsequently sectioned for this study
(see Results section, below). The 2.5% gluteraldehyde KH2PO4 buffer was removed from
the samples, replaced with KH2PO4 buffer, and incubated for 15 minutes at room
temperature. This solution was then removed and replaced with an equal amount of a 1:1
solution of KH2PO4 buffer and osmium tetraoxide (Ted Pella, Inc., Redding, CA; 2% in
milli Q (MQ) water). After incubation at 4˚C for 2 hours, the samples were rinsed four
times, 15 minutes for each rinse, with MQ water. The samples were then incubated
overnight at 4˚ C in 0.5% uranyl acetate (Ted Pella, Inc., Redding, CA) in MQ water.
Following 2 washes with MQ water for 15 minutes each, the samples were dehydrated by
immersing in a series of solutions containing 25%, 50%, 75%, 95%, 100%, and 100%
ethanol for 10 minutes each. The samples were then washed twice for 10 minutes each
time with 100% acetone. The acetone was removed and the samples were incubated
overnight at room temperature in 30% Spurr plastic resin (Electron Microscopy Sciences,
Hatfield, PA, prepared according to manufacturer's protocol) in acetone. This solution
87

was then replaced with 70% Spurr plastic in acetone. After another overnight incubation
at room temperature, the solution was replaced with 100% Spurr plastic and incubated at
room temperature for 8 hours. The solution was replaced with fresh 100% Spurr plastic,
and the samples together with the resin were poured into Permanox petri plates (Nalge
Nunc International, Rochester, NY). Samples were arranged in the dishes so that they
could later be cut apart without damaging them, and the plates were cured at 70˚C for 2
days.
Block preparation and sectioning: Blocks containing individual tissue samples were cut
from the Spurr plastic by using a jeweler's hacksaw, and attached to mounting cylinders
with glue. Excess Spurr plastic was trimmed with a razor blade under the dissecting
microscope. Trimmed blocks were cut into 1-1.5 µm thick sections using a Leica
Reichert Ultracut microtome (Leica Microsystems, Inc., USA). Diamond (Ted Pella,
Inc., Redding, CA), sapphire (Sukura Saphhatome, Japan), or tungsten carbide (Delaware
Diamond Knives, Wilmington, DE) knives were used to cut the sections.
Slide preparation and observation: Wet sections were transferred to Super Frost glass
slides (Fisher Scientific) and dried on a low-heat heating block. Filtered toludine blue O
stain (Ted Pella, Inc., Redding, CA: 1% toludine blue O and 1% sodium borate dissolved
in MQ water) was applied to the slide and heated for 1 minute. Excess stain was gently
washed from the slide with deionized water and the slide was air-dried. Slides were
observed at various magnifications under the light microscope (Ziess) and digital images
were taken with a Zeiss Axiocam and imaged using the Openlab software package
(Improvision Inc., Lexington MA).
Results
Asymptomatic, PCR-negative shoot samples: Five (16%) of the 31 samples collected
from asymptomatic shoots in May were PCR-negative for D. pinea (TABLE 4.1). Fiftysix percent and 60% of asymptomatic tissue samples collected in August and January,
respectively, were PCR-negative for the pathogen (TABLE 4.1). Five of the PCR88

negative May samples, 3 of the PCR-negative August samples, and 2 of the PCRnegative January samples, were sectioned and examined as negative controls (TABLE
4.1).
These healthy shoots displayed normal anatomy (FIGURE 4.2A). The thickwalled epidermal cells stained bright aqua blue (FIGURE 4.2B). The phellogen was
apparent between the epidermis and cortical cells (FIGURE 4.2C). Resin ducts lined
with thin-walled parenchyma cells were observed, both in transverse and in longitudinal
sections (FIGURE 4.2D). Phloem cells were found adjacent to the vascular cambium,
appearing similar to other cortical cells except for the presence of albuminous cells
(FIGURE 4.2E). Xylem tracheids were well defined, stained bright aqua blue, and
contained border pit pairs (FIGURE 4.2F). Pith cells were similar in appearance to
cortex cells except that they were interspersed with more intercellular spaces (FIGURE
4.2G). Needle traces were observed connecting the shoot vascular system to the needle
through the cortex (FIGURE 4.2H). Needle scales and fascicle sheaths could be seen:
these were attached at their base to the shoot, and completely surrounded the needle
bundles (FIGURE 4.2I). As expected, the shoot anatomy changed as the growing season
progressed (FIGURE 4.3). The epidermal layer thickened, and the vascular system
expanded. There were also more intercellular spaces in the cortex of the August and
January samples. Importantly, fungal tissues were never observed inside these PCRnegative shoots (TABLE 4.1): fungal hyphae and spores (none of which resembled D.
pinea spores) were sometimes observed beneath the cuticle, or on the shoot surface
(FIGURE 4.4).
Diseased shoot samples: Twelve young diseased shoots, all with very early symptoms of
tip blight consisting of two or three bleached needles just emerging from the fascicle
sheath, were sampled in May (FIGURE 4.5). As expected, all of the samples were PCRpositive for D. pinea, and three were chosen for sectioning (TABLE 4.1). Samples of
blighted shoots were not collected in August or January, because by then the diseased
shoot tissue was completely dead, very degraded, and entirely permeated with dried resin
so that it was too brittle to fix or section successfully.
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An extensive network of fungal hyphae was observed in all of the diseased shoots
(TABLE 4.1). In spite of the very mild symptoms displayed by these shoots, hyphae
were already present throughout all tissues including the pith, vasculature, cortex, and
epidermis (FIGURE 4.6A). Most pine tissues were so degraded and collapsed that their
original structure could no longer be discerned. Some xylem tracheids appeared intact
and did not contain visible hyphae, and these may still have been functional (FIGURE
4.6B). If so, this could explain why green needles were still present on the shoots when
they were sampled. In xylem cells that had been colonized by fungus, hyphae were
observed apparently in the act of moving from one tracheid to another via border pit pairs
(FIGURE 4.6C). Resin pockets, a known defense response of pine, were observed in the
cortex. The pockets contained fungal hyphae, suggesting that they are probably
ineffective in defending against this pathogen (FIGURE 4.6D). Hyphae were also
present in resin ducts (FIGURE 4.6E). Early signs of D. pinea pycnidial development
were observed in the epidermal and subcuticular regions of the diseased shoots (FIGURE
4.7).
Asymptomatic, PCR-positive shoot samples: Twenty six (84%) of the 31 asymptomatic
shoots sampled in May tested positive for D. pinea by PCR (TABLE 4.1). A smaller
percentage of the asymptomatic shoot samples in August and January were also PCR
positive (TABLE 4.1). Nineteen of the latently-infected shoot samples from May, and all
of the latently infected samples from August and January, were sectioned for microscopy.
Fungal hyphae were observed inside 17 of the 19 PCR-positive May shoot samples, and
in all of the PCR-positive shoot samples collected in August and January (TABLE 4.1).
No matter what time of year the sample was collected, I frequently observed
fungal hyphae and spores in the crevices formed between the needle fascicles and the
outer epidermal layers at the leaf base of latently infected samples (FIGURE 4.8). D.
pinea conidia were present, and were easily identified by their distinctive shape and size.
Hyphal bundles, consisting of aggregated hyphal strands, were also relatively common
(FIGURE 4.9). Hyphal bundles were never observed in PCR-negative shoot tissues, and
so my conclusion is that these are D. pinea structures. Hyphae in these crevices were
observed breaching the epidermal barrier, and colonizing the periderm (FIGURE 4.10).
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Fungal hyphae were also observed outside and inside the needle scales and fascicle
sheaths (FIGURE 4.11). The mesophyll cells of the needle scales and needle bases were
often degraded, with hyphae present.
Twelve of the 19 PCR-positive asymptomatic samples collected in May, and all
of the latently infected August and January samples, contained localized pockets of
degraded cells in the periderm and cortex (FIGURE 4.12, TABLE 4.1). Most of the
cortical cells extending towards the vascular tissues were intact, and all vasculature,
including the needle traces, appeared functional. Degraded cells or cells with collapsed
cytoplasm were observed in close proximity to fungal hyphae (FIGURE 4.13). Five of
the 17 asymptomatic PCR-positive May samples with internal hyphal colonization, had
more extensive colonization of cortical cells, and visibly degraded vascular tissues,
including needle traces (FIGURE 4.14, TABLE 4.1). This pattern of colonization was
similar in type, though not in degree, to that observed in tip-blight diseased shoots. Thus,
these samples may represent very early stages of the tip blight disease that had not yet
resulted in visible symptoms. The fact that a similar pattern was never observed in the
latently-infected shoots collected in August or January provides additional evidence for
this idea.
Necrophylactic periderms were observed forming a barrier around degraded
cortical cells colonized with hyphae in one sample from May and in one sample from
August (FIGURE 4.15, TABLE 4.1). In the May sample, a cambium layer was readily
apparent several cell layers away from the degraded pocket of cells (FIGURE 4.15A). In
the August sample, a lignified layer had developed between the cambium and the
degraded area (FIGURE 4.15B). No fungal material was observed outside either
necrophylactic periderm, suggesting that this host response is quite effective in
containing the pathogen.
Terminal buds: Although the terminal buds were collected from both diseased and
asymptomatic shoots, all the buds were asymptomatic (FIGURE 4.16). Two of the four
terminal buds sampled from diseased shoots, and one of the four terminal buds sampled
from asymptomatic shoots, were PCR-positive for D. pinea. The anatomy of PCRnegative terminal buds from both diseased and asymptomatic shoots appeared as
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expected (FIGURE 4.17). The pith center of the dormant terminal bud was surrounded
by vasculature that branched toward axillary buds, also known as secondary meristems,
and bud scales. The apical bud, or primary meristem, was smaller and less developed
than the axillary buds. The axillary buds eventually develop into immature needles and
side shoots in the spring. There were a few instances in which epiphytic fungi could be
seen on the bud scales. Only one degraded area and evidence of extensive fungal
colonization was found after examining multiple slides of two PCR-positive terminal
buds from diseased shoots (FIGURE 4.18A). One axillary bud was badly degraded, and
hyphae were present in this degraded tissue (FIGURE 4.18B). The colonization appeared
to have progressed from the bud scale down into the bud. No fungal material was found
in the pith. With this single exception, all the tissues in these eight buds appeared to be
normal. Extensive degradation and hyphal colonization was not observed in the single
PCR-positive terminal bud from asymptomatic shoots (FIGURE 4.19A). However,
fungal colonization of bud scales was observed (FIGURE 4.19B).
Discussion
I was initially reluctant to undertake traditional microscopy studies of naturally
infected shoots because I predicted that I would not be able to differentiate between
mycelium of D. pinea and other fungal species. However, to my surprise, only shoot
samples that were PCR-positive for D. pinea actually contained fungal hyphae. The
absence of hyphae in two of the asymptomatic, PCR-positive May samples was not
unexpected (my previous studies demonstrated that the pathogen can sometimes be
detected in only one half of a shoot disk (Flowers et al. 2003), and may be the result of
the highly localized nature of pathogen colonization of asymptomatic tissues. After
comparing my microscopy observations and D. pinea-specific nested-PCR results, and
after considering previously published literature on the subject, I am confident that the
fungi observed in these samples are indeed D. pinea.
D. pinea is only one of many fungi that are known to inhabit asymptomatic pine
tissues (Swart et al. 1987; Blodgett et al. 2003; Flowers et al. 2003). Moreover, a single
tree may harbor multiple D. pinea infection foci. Evidence for this is the discontinuous
nature of the pathogen in the pine tissue (Flowers et al. 2003) and the fact that more than
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one vegetative compatibility group can be recovered from a single tree (Burgess et al.
2001). The mechanism by which D. pinea initially enters its host has been a topic of
study for years, but many questions remain.
Relatively little is known about defense responses of coniferous bark to fungal
attack (Mullick 1977; Blanchette and Biggs 1992). Bark is obviously a passive barrier to
pathogen attack, and it contains many pre-formed chemical compounds that are inhibitory
to microbial growth. However, actively induced chemical and physical responses in the
bark also contribute to pathogen resistance. Induced physical responses include the
formation of non-suberized impervious tissue (NIT), necrophylactic periderms and
traumatic resin ducts (Blanchette and Biggs 1992). D. pinea is well-known as a woundassociated pathogen, and often causes cankers on mature stems that have been damaged.
However, like most fungal pathogens it does not penetrate intact bark directly. Most tip
blight occurs in the absence of wounds, and so the question of how the fungus penetrates
and colonizes unwounded tissues is particularly important for this disease.
D. pinea infections of unwounded shoot tissues could occur by various routes.
Fluorescent labeling and plastic needle imprints of inoculated needles showed that germ
tubes can enter needle stomata. The fungal germ tubes did not grow directly toward the
stomata, and some even grew over stomata without entering (Brookhouser and Peterson
1971). This suggests that entry via stomata may be more by accident than by design.
Nonetheless, the prevailing dogma is that tip blight is caused primarily by conidia
germinating and entering needle stomata. This is why one of the major recommendations
for tip blight management is to treat emerging shoots with contact fungicides while D.
pinea spores are being released in the spring. However, shoot blight symptoms usually
appear before stomata are accessible for penetration, when the needles have just barely
emerged from the sheath (Waterman 1943; Peterson 1977; Palmer and Nicholls 1985).
Waterman (1943) and Rees and Webber (1988) suggested that infections could occur at
the needle bases. My work has provided support for this idea: I frequently observed
spores and hyphae of D. pinea in the crevices created between the bark and needle bases,
and more importantly, I also observed hyphae breaching the epidermis and entering the
periderm at these sites. On the other hand, my research does not support the idea that
needle stomata are primary routes for infection, since needles are rarely latently infected.
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Other potential infection sites are the spaces between anticlinal epidermal walls
on non-lignified elongating shoots (Chou 1978; Rees and Webber 1988). Chou (1978)
described hyphal aggregates of D. pinea that were found closely appressed to the shoot
surface, and which were associated with direct penetration through the epidermis of
nonlignified shoot tissues. I also observed hyphal aggregates, associated both with
diseased and latently infected shoots. It is possible that these are the same structures that
were observed by Chou (1978). I observed these in the crevices at the bases of needles,
and along needle and bud scales. Although they are relatively common in fungi, for
example Armillaria spp., that infect subaerial portions of the trees, aggregates are unusual
for fungi like D. pinea that infect the aerial parts (Wood 1967; Chou 1978). Hyphal
aggregates, also referred to as mycelial cords, mycelial strands, or rhizomorphs, provide
protection and aid in nutrient uptake in adverse environments (Alexopoulos et al. 1996).
Hyphal aggregates seem to be a survival strategy for D. pinea, and maybe this is the
reason that they formed in culture when hygromycin B was added to the medium (see
Chapter 3). Unlike rhizomorphs that typically have a hard cortex and are dormant, these
mycelial strands are active and may aid in D. pinea epiphytic survival and infection of P.
nigra shoots and needle bases.
The periderm is typically the first tissue affected by a pathogen attack. The
phellogen is essential to tree development because it provides a protective barrier as the
shoot grows in circumference (Mullick 1977). Colonization of Pinus shoots by D. pinea
appears to start in the periderm and adjacent cortical cells. In agreement with an earlier
study, the epidermal cells were not anatomically affected by the presence of the pathogen
(Chou 1978). A microscopy study of 4-6 month old seedlings with Sphaeropsis
(Diplodia) seedling blight found that hyphae first colonized the cells lying below the
epidermis (Rees and Webber 1988). I also observed hyphae colonizing periderm and
cortical cells in both the diseased and latently infected shoot samples. In agreement with
other reports, I observed hyphae growing both intercellularly and intracellularly (Luchi et
al. 2005).
According to one earlier study, D. pinea hyphal growth can occur in advance of
necrosis in the shoots (Bachi and Peterson 1985). However, in my study, in agreement
with that of Chou (1976), I found that necrosis/tissue degradation always preceded
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hyphal colonization (Chou 1976a). This suggests that D. pinea is a true necrotroph, and
supports the idea that phytotoxins, e.g. Sapinofuranones A and B (Evidente et al. 1999),
might be important pathogenicity factors for D. pinea.
One previous study suggested that D. pinea rapidly colonizes pith tissues (Marks
and Minko 1969). These authors also reported that the pathogen persisted latently in the
pith, and used the medullary rays to gain access to the phloem, needle traces, and cone
traces. My observations of D. pinea in Austrian pine did not provide any evidence to
support this suggestion. I reported previously that D. pinea was only rarely recovered
from cultured pith tissues of latently-infected shoots (Flowers et al. 2001). In the
microscopy study reported in this chapter of my dissertation, I never saw pith
colonization in latently-infected shoots. The Marks and Minko study used greenhouse
pines that had been inoculated by injecting conidia directly into the pith with a
hyperdermic needle. This highly artificial inoculation method probably accounts for the
differences between their observations and mine, which were performed on naturally
infected trees from the field.
It has been suggested in some previous studies that D. pinea colonization
proceeds from the cortical cells into the vascular tissues (Chou 1978; Rees and Webber
1988; Luchi et al. 2005). D. pinea was reported to disrupt cambial tissue and quickly
invade the xylem in inoculated shoots (Luchi et al. 2005). I always observed fungal
hyphae in the phloem and xylem cells of diseased shoots. However, vascular colonization
was seen in only five of the PCR-positive samples that were collected in May: these
might represent very early pathogenic infections that had not yet become symptomatic.
Providing further evidence in support of this idea, colonized xylem or phloem was never
observed in latently infected shoots collected in either August or January, after the time
when tip blight symptoms appear.
As expected, hyphae were observed colonizing all tissues, including bark, xylem,
and pith, of diseased shoots (Chou 1976a; Flowers et al. 2001). What really surprised me
was that the colonization and the cell degradation were so extensive even when
symptoms were very mild, consisting of just a few dead needles. The vascular tissues
were also mostly degraded. This observation probably explains why blighted tips die so
rapidly (within a matter of days) from this disease. This was always very hard to explain
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if infections of new shoots were occurring primarily in the spring via needle stomata. In
contrast to diseased shoots, colonization was localized to pockets of degraded cells in the
periderm and adjacent cortex in latently infected shoots. The vasculature remained intact.
This suggests that keeping the pathogen out of the vascular tissues might be important for
maintaining latency. In support of this idea, isolation studies of conifers latently infected
with Gremmeniella abietina, and Cronartium ribicola revealed that latent infections most
often occurred outside the vascular tissues in the periderm and cortex (Yokota 1975;
Stone 1987; Marosy et al. 1989; Reich and Van Der Kamp 1993; Hunt 1997).
Thus, my conclusion is that shoot infection, both latent and pathogenic, begins
primarily at the bases of needles by direct penetration through the thin, relatively
unprotected epidermal layers, into the adjacent periderm and cortex. In addition to spores
of D. pinea, hyphal aggregates apparently can serve as infection propagules (Chou
1976b; Chou 1976a). Unpublished work from Appendix 2 of my Master's thesis also
supports the idea that the needle bases are a primary infection court. Among 45
asymptomatic whole needle bundles (needles and fascicle sheaths) from which D. pinea
could be recovered, 100% of the sheaths but only 8% of the needles were colonized.
Observation of sheath tissues from asymptomatic needle bundles from the field revealed
that D. pinea spores were present and had germinated and colonized these tissues. D.
pinea is a facultative saprophyte, so the dead cells of the sheath tissue should be a highly
favorable setting that would provide excellent protection from unfavorable environmental
conditions and possibly contact fungicides. It appears that D. pinea can grow down along
and through the sheath tissues to gain entry into the shoot at the needle bases.
Only one previous report has suggested that D. pinea infection can occur via the
terminal bud, and this was in greenhouse-grown seedlings in which the buds were
inoculated with a spore suspension (Rees and Webber 1988). In my study, D. pinea was
not found colonizing the pith, vasculature and cortical cells of terminal buds, suggesting
that D. pinea does not move from the subtending latently-infected or diseased branch into
the bud. I did observe fungal structures on and in the cells at the distal portions of the
bud scales. I conclude from my observations that infections of buds, when they occur,
begin on the bud scales and subsequently move into the axillary buds. This suggests that
terminal bud infection could occur in early spring before the candles begin to elongate, or
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the previous fall when the terminal buds are set. In Kentucky, spores are released from
March until October, so both are possible.
I was able to observe the location of latent infections, and I also learned
something about how latent (and pathogenic) infections are initiated. However, my
observations did not completely answer the question of how latent infections are
maintained. Necrophylactic periderms were observed twice in this study. A
necrophylactic periderm is a regeneration of phellogen around necrotic cells, and has
been implicated in the resistance of conifers to various pathogens, including Fusarium
moniliforme var. subglutinans and Gremmeniella abietina (Blanchette and Biggs 1992;
Simard et al. 2001). In both cases in my study, the necrophylactic periderms appeared to
have effectively contained the pathogen infection. Mullick (1977) refers to "nonsuberized impervious tissue" (NIT) as another bark defense against pathogenic infection.
The NIT is difficult to detect with these microscopy protocols. However, the formation
of NIT is a prerequisite for the formation of a necrophylactic periderm, though not all
NITs progress to necrophylatic periderms (Mullick 1977; Blanchette and Biggs 1992).
The presence of necrophylactic periderms suggests that NITs were formed and that these
may be responsible for containing the latent infections.
Traumatic resin ducts often form in response to wounds and infections. These
allow increased resin flow, which ultimately produces an impervious layer of dried,
hydrophobic resin that is highly resistant to pests (Blanchette and Biggs 1992; Pearce
1996). Austrian pines form traumatic resin ducts in response to D. pinea inoculation via
wounds (Luchi et al. 2005). In vitro experiments demonstrated that some resin terpenes
inhibited D. pinea conidial germination, and decreased germ tube elongation (Chou and
Zabkiewicz 1976). However, plant inoculation studies found that monoterpene levels
were positively correlated with symptom severity (Blodgett and Stanosz 1998),
suggesting that resin terpenes do not actually play a role in resistance to D. pinea in
planta. I did not observe obvious signs of formation of traumatic resin ducts in my study:
I saw no apparent difference in the number or size of resin ducts between diseased versus
asymptomatic samples. Perhaps traumatic resin ducts were not observed in this study
because the shoots were naturally infected, and not wound-inoculated. I did observe that
D. pinea readily colonized resin ducts, and thus my work agrees with others in suggesting
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that the resin defense mechanisms of pine are not effective in preventing D. pinea
infection and colonization (Blodgett and Stanosz 1998; Luchi et al. 2005).
Successful D. pinea pathogenic infection results when the pathogen rapidly
invades the cortex and colonizes the vascular tissues. In contrast, latent infections remain
localized in the periderm and adjacent cortical cells, perhaps developing later into
pathogenic infections when the host becomes stressed. Defense mechanisms can be
compromised when the host is under stress, such as drought, but the exact mechanisms by
which stress induces susceptibility is not known (Blanchette and Biggs 1992). Low water
potential in the host bark have been shown to have a negative effect on the formation of
the NIT, and necrophylactic periderm (Mullick 1977; Blanchette and Biggs 1992). High
water content in the xylem limits pathogen development in that tissue, presumably
because of the low oxygen levels that result (Chapela 1989; Boddy 1994; Pearce 1996).
In addition, the increased sugar concentrations observed in the inner bark of water
stressed loblolly pine could provide a latent pathogen with a greater food source (Hodges
and Lorio 1969).
My findings emphasize the importance of integrating various control measures to
reduce tip blight disease severity on P. nigra in the landscape. Cultural controls such as
reducing tree stress and practicing sanitation are very important for maintaining healthy
landscape trees. Drought stress and excess fertilizer have been shown to increase
Diplodia tip blight incidence and severity, and should be avoided (Bega et al. 1978; Bachi
and Peterson 1985; Nicholls and Ostry 1990; Van Dijk et al. 1992; Blodgett et al. 1997;
Paoletti et al. 2001; Stanosz et al. 2001; Stanosz et al. 2004; Blodgett et al. 2005). Water
stress may prevent P. nigra from effectively containing D. pinea colonization and excess
fertilizer may facilitate D. pinea shoot infection by increasing succulence (Stanosz et al.
2004). Inoculum levels can be reduced by removal of diseased host material. Pruning
diseased shoots may also reduce inoculum, but must be done with care because it can act
as infection sites for D. pinea. Chemical controls applied just before bud break until
shoot elongation have been relatively ineffective in controlling this disease in Kentucky
landscapes. My results suggest that terminal buds may become infected prior to bud
break and before chemical application. Furthermore, it is unlikely that the topically
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applied chemicals are able to enter all the crevices between the needles and shoots, and so
the inoculum there is likely to survive the treatment.
In conclusion, my observations provide new insights into the natural infection
process of D. pinea. A unique aspect of my study was that naturally infected tissues of
mature trees were observed, instead of the artificially inoculated greenhouse seedlings
used in most previous studies. My evidence suggests that natural infections can occur via
the elongating shoot and the dormant terminal buds. However, infection of the shoots
appears to be more common. D. pinea colonization was already quite extensive very
early in symptom development, which probably explains why affected shoots die so
quickly with this disease. It may also suggest that infection is occurring very early in
shoot development. This is the first cytological study of latent D. pinea infections in
asymptomatic shoots. In contrast to pathogenic infections, latent infections occurred in
localized pockets of degraded periderm and adjacent cortical cells. I found no evidence
that these infections can move from the subtending infected branch into the new bud or
shoot, and it is likely that they are eventually sloughed off with the bark, as long as the
tree remains healthy. If the tree experiences stress, however, it is possible that these
infections could break through the host defenses to become pathogenic. This will be a
topic of future studies.
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Asymptomatic

Diseased

PCR
Result

Asymptomatic

Shoot
Symptoms

May

May
August
January

May
August
January

Sample
Time

3

19
4
4

26
4
4
12

5
3
2

Observed

5
5
6

Collected

Number of Samples

3

17
4
4

0
0
0

Internal
Fungal
Colonization

3

0

0

1
1
0

0
0
0

0
0
0
5
0
0

Necrophylactic
Periderm

Vasculature
Colonization

12
4
4

0
0
0

Localized
Colonization

Number of Samples With

Table 4.1: Observations of fungal colonization in diseased and asymptomatic shoot
samples.
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Figure 4.1: P. nigra shoot growth. A) dormant terminal bud; B) terminal bud that has
just broken dormancy and is beginning to elongate; C) elongating candle (shoot); D)
three years of shoot growth
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Figure 4.2: Healthy Austrian pine shoots; A, Longitudinal view showing different
anatomical shoot tissue structures of a May sample; B, Transverse view of epidermis; C,
Longitudinal view of the epidermis, phellogen, and cortex; D, Longitudinal view of
parenchyma cells lining resin ducts; E, Longitudinal view of shoot vasculature, including
the xylem, phloem, and albuminous cells; F, Longitudinal section of xylem, border pit
pairs (arrows), and medullary ray cells; G, Transverse section of pith cells; H,
Longitudinal section of shoot at a leaf axis, notice the circular needle trace and needle
scales; I1, Longitudinal view of needle scales and sheaths; I2, Sheath cells, notice cell
connection. A, albuminous cells E, epidermis, C, cortex; MR, medullary rays; N, needle;
NS, needle scale; NT, needle trace; P, phellogen; Ph, phloem, R, resin duct; S, fascicle
sheath; X, xylem. Bar equals 50 µm.
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Figure 4.3: Longitudinal view of a healthy Austrian pine shoot sampled in January;
notice the thick epidermis and intercellular spaces in the cortex. C, cortex; E, epidermis;
P, phellogen; V, vasculature. Bar equals 50 µm.
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Figure 4.4: Subcuticular hyphae (red arrows) between the epidermis and cuticle. C,
cuticle; E, epidermis. Bar equals 50 µm.
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Figure 4.5: Diseased Austrian pine shoot at the time of May sampling exhibiting first
symptoms of tip blight. One needle on the elongating candle was stunted and chlorotic
(red arrow).
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Figure 4.6: Tip blight diseased Austrian pine shoots. A1, longitudinal views of collapsed
and degraded diseased shoot cells; A2, longitudinal view of hyphae (red arrows) in
degraded cells; B, transverse view of probable functional xylem (*) and hyphal
colonization of xylem trachieds (red arrows); C, longitudinal view of hyphae using
border pit pairs to move from one trachied to the other (red arrow); D, resin pocket
colonized by hyphae (red arrow); E, hyphal colonization of resin duct. Bar equals 50 µm.
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Figure 4.7: Immature pycnidia forming on diseased May shoot samples. Bar equals 50
µm.
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Figure 4.8: Latently infected Austrian pine shoots. A and B, longitudinal views of leaf
apex; notice the fungal colonization (red arrow) of the crevice formed between the needle
and the shoot; B, notice the D. pinea spore (red arrow head); C, closer view of fungal
colonization. N, needle; Sh, shoot. Bar equals 50 µm.
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Figure 4.9: Hyphal bundles (red arrows) outside Austrian pine shoots.
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Figure 4.10: Latently infected Austrian pine shoots. A, hypha breaching the epidermis;
B, hyphal colonization of the periderm. Hyphae marked by red arrows. Bar equals 50
µm.
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