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Infection of Douglas-fir by Leptographium
wageneri

Paul F. Hessburg and Everett M. Hansen

Abstract: In three related experiments, root systems of 2-year-old DouglaPdeydotsuga menziegMirb.) Franco)
seedlings were dip-inoculated with a viscous blend_eptographium wagenenriar. pseudotsugaélarrington and Cobb
spores and hyphal fragments and planted in a sterile potting medium. Infection frequency and points of entry were
evaluated for dormant seedlings and seedlings that had been active for 4 and 8 weeks. All putative black stain infec
tions and other areas of sapwood discoloration were free-hand sectioned and examined with a bright-field microscope
and phase-contrast optics. This technique was shown to be 100% reliable in a prior experiment with 223 inoculated
Douglas-fir seedlings that paired microscope examinations with pathogen isolation. In this study, all lesions were sec
tioned and examined at 250-1000 diameters magnification for the presemcevafjenerivar. pseudotsugadyphae

and characteristic pathological anatomy. Complete root system dissections revealedvibgenerivar. pseudotsugae
infected roots through wounds and natural openings where a direct path to the xylem was exposed and never pene
trated living cortical or cambial tissues to infect its host. Among the dormant inoculated seedlings, 63% of infections
occurred through wounds associated with nursery handling. Wound infection frequency decreased to zero in seedlings
inoculated 8 weeks after coming out of dormancy. Seedlings inoculated 4 and 8 weeks after coming out of dormancy
were most frequently infected through openings occurring at sites of new lateral root initiation. Infection of dead fine
root stubs suggested that during periods of increased fine root mortality, these sites may be important for the new in-
fection of healthy trees and egress from already diseased trees.

Key words Black-stain root diseas&.eptographium wagenerMerticicladiella wagnerij infection courts, wounding,
vascular wilt.

Résumé: Les auteurs ont conduit trois expériences dans lesquelles les systemes racinaires de sapins Douglas agés de 2
ans ont été trempés dans un mélange visqueukepiographium wagenenar. pseudotsugadarrington and Cobb

comportant des spores et des fragments d’hyphes, avant d’étre plantés dans un milieu d’empotage stérile. lls ont évalué
la fréquence d’infection et des points d’entrée chez des plantules dormantes, ainsi que des plantules remises en activité
depuis 4 et 8 semaines. lls ont sectionné a la main et examiné en microscopie sur fond clair et en contraste de phase,
toutes les régions tachées de noir ou autres régions colorées de I'aubier, présumément infectées. Dans une expérience
antécédente, on a démontré que cette technique est fiabl® & 10cette expérience portait sur 233 plantules de sapin
Douglas ou des observations microscopiques ont été couplées avec I'isolement du champignons pathogéne. Dans cette
étude, toutes les Iésions ont été sectionnées et examinées a 250-1000 agrandissement en diametre, afin de déceler la
présence des hyphes du wagenerivar. pseudotsugat I'anatomie pathologique caractéristique. Les dissections de sys
temes racinaires complets révele que les hyphek.duagenerivar. pseudotsugaénétrent par des blessures ou des en

trées naturelles donnant un acces direct au xyleme; la pénétration ne s’effectue jamais a travers les tissus corticaux ou
méristématiques pour infecter I'hdte. Parmi les plantules dormantes inoculées, 63 % des infections se font par des bles
sures provenant de manipulations en pépiniere. La fréquence des infections par des blessures diminue jusqu'a zéro chez
les plantules inoculées 8 semaines apres le bris de la dormance. Les plantules inoculées 4 et 8 semaines apres le bris
de la dormance sont le plus souvent infectées par ouvertures localisées sur le site de l'initiation de nouvelles racines
latérales. Linfection de bouts de racines fines suggere qu’au cours de périodes ou la mortalité des racines-fines aug
mente, ces sites peuvent étre importants pour de nouvelles infections de plants sains et peuvent sortir d’arbres déja ma
lades.

Mots clés: maladie racinaire a coloration noireeptographium wagenerlerticicladiella wagnerij sentiers d’infection,
blessure, flétrissure vasculaire.
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Introduction mary and secondary cell walls and compound middle
lamellae (Hessburg and Hansen 1987; P.F. Hessburg unpub
Leptographium wagenerivar. pseudotsugaeHarrington  lished data; Smith 1969). Infection of healthy roots appar
and Cobb (=Verticicladiella wagenerKendrick, =Verticic-  ently occurs by means other than direct penetration by
ladiella wagenerivar. pseudotsugaglarrington and Cobb, = hyphae. The objectives of this study were to critically exam
Leptographium wagener{Kendr.) Wingf., Harrington and ine the process of root infection in Douglas-fir seedlings un
Cobb 1984, 1986, 1987; Kendrick 1962; Wingfield 1985),der controlled conditions, and describe possible points of
the agent of black-stain root disease, affects Douglas-fientry.
(Pseudotsuga menzie¢Mirb.) Franco) throughout the west
ern United States and British Columbia (Harrington 1988 .
and references therein). In the range of Douglas-fir, both th@nate"als and methods

coastal (varmenziesii)and interior (var.glauca) varieties We learned in field and greenhouse experiments that preceded
are affected, but the disease is most often reported in theis work, that microscopic examination was a reliable technique
coastal variety. for identifying new infections. For example, in a greenhouse exper

Host colonization byL. wagenerivar. pseudotsugaés re- iment with 223 inoculated Douglas-fir seedlings, we paired micro
stricted to mature xylem tracheids. Living cortical, cambial,ScOPIC examinations ~with pathogen isolations. Microscope
and parenchyma tissues are not invaded, and cell walls afgaminations more reliably detected the presence.oivageneri
not directly penetrated by hyphae (Hansen et al 198gva"- pseudotsugaethan isolations in three important settings:

. (i) where fungal lesions were small (<1 cm) or minute (<3 mm),
Hessburg and Hansen 1987; Hessburg 1984). Tree mortali 1) where mycelia were already vacuolized, or)(where mycelia

appears to be the result of rapid, systemic vascular tisSUgere present with host-produced tylotic cells, resinosus, or gums in
colonization, and tracheid occlusion by hyphae and host renost reaction zones. Likewise, small and minute lesions were en
action compounds (Hessburg and Hansen 1987; Hessbutguntered in sapling and pole-sized Douglas-fir roots in association
1984) often concurrent with insect attack of the basal stemwith insect maturation feeding wounds; pathogen isolation was sel
root collar, and roots (Harrington 1983, 1988; Hansen et aldom successful where similar host responses were apparent. Mi

1988; Witcosky 1985; Witcosky and Hansen 1985; Witcoskycroscope evaluation of new infections was equivalent to isolation in
et al. 1986). cases where there was abundant fresh, infected plant material.

; . . . . This study consisted of three experiments with Douglas-fir seed-
Primary disease spread over long distances is assouatﬁgg& All seedlings were bare-root, grown for 2 years in the nurs-

with insect vectors that feed and breed In root& ofvageneri . ery from a single local seedlot, and root pruned 3 months prior to
var. pseudotsugaénfected trees. New disease centers arisgiting. In each experiment, we critically examined new infections
when vectors attack stressed, injured, or weakened trees f@f inoculated seedlings to identify probable points of entry. In one
breeding (Harrington 1983; Harrington et al. 1983, 1985;experiment, we inoculated dormant seedlings and looked for points
Witcosky and Hansen 1985; Witcosky et al. 1986). New in-of fungal entry. In the next two experiments, we inoculated seed-
fection centers also arise from vector maturation feeding ofings that had been actively growing for 4 and 8 weeks. These lat-
roots of healthy trees (Witcosky 1985; Witcosky et al. 1986).ter experiments were designed to give seedlings time to callus over
Secondary disease spread from established foci occuhounds incurred at tlje nursery so that we might observe fungal en-
through root grafts and via contact or intimate association ofrance at other locations. _
roots of diseased and healthy trees (Hessburg 1984: Hessbud’ In the first experiment, root systems of 103 dormant seedlings were
o ! -inoculated in a viscous blend &f wagenerivar. pseudotsugae
and Hansen 1986). In ponderosa pinein(s ponderosa spores and hyphal fragments (isolate Vw-45). Haemocytometer read
(Dougl.) Laws.), most new secondary spread.ofvageneri  ings of potentially infective propagules ranged front 10 1C° spores
var. ponderosum(Harrington and Cobb) occurs in roots that and hyphal fragments/mL, and hyphal fragments typically included
are less than 5 mm in diameter growing within 15 cm of dis several septa. Streakings of five 0.5-mL samples of the suspension on
eased roots (Goheen 1976; Harrington and Cobb 1984, 1986tandard potato-dextrose agar (PDA) plates demonstrated retention of
1987; Harrington 1988). Hicks (1978) and Hicks et al. (1980)inoculum viability and a greater than required inoculum potentiat. Iso
demonstrated that. wagenerivar. ponderosumgrows from late Vw-45 was collected from the Balm Creek drainage, Blue River
infected roots through soil for 15 cm or more. Hessburg andanger District, Willamette National Forest, T. 18 S., R. 5 E., Sec. 4,
Hansen (1986) demonstrated spread Lof wageneri var. Willamette Meridian. Pathogenicity of Vw-45 was confirmed via in

. . oculations to Douglas-fir seedlings in the greenhouse and to sapling
Ef:yéjn(i;s(;lga&hrough soil when intertree root contact was Douglas-fir in the field.

; . ) . . After inoculation, the 103 dormant seedlings were transplanted,
Still lacking is a clear demonstration of the infection pro three to a pot, in 2.5-L containers. Seedlings were potted in a pas
cess and adequate description of the most likely points ofeurized planting medium composed of equal volumes of washed
entry. Infection through unwounded roots, i.e., through eorti silica sand (EI-20) and peat (Baker 1957). Pots were randomized in
cal cells, fusiform cambial initials, and xylem mother cells, the greenhouse and watered from above three times each week for
conflicts with our knowledge of the pathological anatomy of 9 weeks (61 days) with 20% sterile Hoagland’s complete mineral
this disease, but this route is the most common mode of e,{]utrlent solution (Hoagland and Arnon 1950). Seedlmg_s were .de
try of other vascular wilt pathogens (Beckman 1987).Structively sampled 34, 44, 50, 57, and 61 days after inoculation,
Leptographium wageneniar. pseudotsugadas never been with six pots sampled each time, including pots with seedlings

b di It ther th ¢ | ial howing even the slightest indication of wilting. Early greenhouse
observed in any Cell types other than mature xylem axial ang;g s ith dip-inoculated seedlings showed that wilting was- evi

ray tracheids (Hessburg 1984; Hansen et al. 1988; Hessbufgnt pefore chlorosis, and once seedlings were chlorotic, root colo
and Hansen 1987; Smith 1967; Wagener and Mielke 1961)zation by L. wagenerivar. pseudotsugaavas too extensive to

and in vitro assays indicate that the fungus lacks cellulolytiaeliably determine points of entry. In essence, we needed to catch
and pectolytic enzymes needed for direct penetration of priL. wagenerivar. pseudotsugam the act of initiating new infections.
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At the time of destructive sampling, seedlings were removefections were dissected, and points of entry were identified
from the pots, gently washed, wrapped in a wet paper towel, anginder the compound microscope. The average number of
cold stored in a plastic bag at 4°C for up to 24 h while awaiting|_ wagenerivar. pseudotsugaénfections per seedling was
dissection. Dissections were made under a binocular dissecting mi_3 and no seedling was infected more than three times. At
croscope by systematically removing the bark from the root collar. 4 ’days after inoculation, 1 of 18 sampled seedlings was in

to the root ends. The inside surface of the bark was examined fq - .
necrotic lesions or other visible evidence of direct hyphal penetra ected (6%). At 44 days, 12 of 28 seedlings (43%) were in

tion through secondary phloem and vascular cambium. Any discolfécted, at 50 days, 12 of 18 seedlings (67%) were infected, at
ored area, regardless of its size or shape was examined under tRd days, 13 of 21 seedlings were infected (62%), and at
microscope. Once the bark was removed, the remaining tissue wésl days, 9 of 18 seedlings (50%) were infected (Fig. 1). Com
repeatedly misted with a spray bottle containing a sterile diluie soplete root system dissections revealed thatvagenerivar.
lution of distilled water and lemon juice to keep the wood moist pseudotsugaenfected roots through wounds and natural
and discourage phenolic discoloration. The number and types adpenings where a direct path to the xylem was exposed and
infection were tallied for each seedling. To verify origins, all puta never penetrated living cortical or cambial tissues to infect its
;'Ve '”f?Ct'tO”(S' 3'”C|“d.'”9| Ob;’k:?‘is b'aCk'fta'“ t.CO“im”s. r?nglrtwﬁ; host. Stain columns resulting from infection were from 1 to
rom minute (<3 mm in length) to several centimetres in length, T O o
resinous lesions in xylem, and sapwood or secondary phloem coll0 cm long and were readll)_/ distinguished by their d_|st|nct|ve
oration abnormalities, were free-hand sectioned and examined ur(l:hOCOk’.‘te'blaCk color against the unblemished light- yel
der a microscope. low-white of healthy xylem. In all cases, regardless of size,
Free-hand sections ranged in thickness from 20 tqwﬁ(XeSu both endS of a fusiform St(':lin lesion were Cleal’ly |dent|f|ab|e
mated using the average tracheid width of 25460 as a guide). A point of entry was tallied only when the characteristic
Sections were observed under phase contrast microscogyyphae (using the measures and descriptions of Hessburg and
(250-1000% magnification), with the incident light source in Nel Hansen 1987) of.. wagenerivar. pseudotsugaeeached the
son’s critical illumination (Needham 1977, pp. 315-317). Sectionsputermost ring of xylem tracheids in a root as determined by
were inspected for the presence of hyphae and microhyphae, anglicroscopic exam. Fungal entrance occurred where roots
any conidiogenous apparatus. All observed hyphae were compargglare proken, cut, cracked, or abraded: where new lateral
morphologically and histologically with those &f wagenerivar. roots had erﬁerge’d by pen’etrating and ’rupturing the cortex

pseudotsugai Douglas-fir using the descriptions of Hessburg and . - .
Hansen (1987) as the standardeptographium wagenervar. and epidermis; or where small roots had died back to the

pseudotsuga@nfection was tallied only when hyphae were identi- Point of attachment.
cal to the published descriptions. Six different types of infection courts were identified

In the second experiment, 99 seedlings were grown for 4 weekg¢Fig. 2). Type 1 consisted of spider-root stubs that were pro-
in a greenhouse prior to inoculation. The seedlings were carefulljuced by root pruning at the nursery. Pruned root ends were
remOVe(_j from the pots to avoid WOUnding,. and the rOOt_S Werésyrrounded by a pro”feration of new|y formed roots;
gently rinsed free of the sand and peat potting medium with coo| ' \yagenerivar. pseudotsuga@fected the pruned ends not
tap water. Forty-five seedlings were dip-inoculated as above an et callused or overgrown with bark at the time of inocula-

transplanted, three to a tube, into plastic transplant tubes (7 .
25 cm). In nine tubes, only two seedlings were transplanted betlon' Type 2 consisted of broken roots that were detached

cause the root systems were large. Root systems of the remainifg/fing lifting or sorting at the nursent.. wagenerivar.

54 seedlings were lightly and evenly clipped with a sterile scissors bePSeudotsugaentered the xylem through the broken ends.

fore dip-inoculation to create new wounds for possible infection. Thesdype 3 consisted of bark abrasions, also the result of lifting

seedlings were likewise dip-inoculated and transplanted three to a tubéhjuries at the nursery, that exposed the outer rind of xylem
In a third experiment, 18 seedlings actively that had been growtracheids;L. wagenerivar. pseudotsugag@enetrated the xy

ing for 8 weeks were dip-inoculated and transplanted individuallylem on the perimeter of wounds where tracheids were par

to tubes. Two Seedlings that were wounded during the transplantinga"y covered by bark. Type 4 consisted of lateral root

were eliminated from the experiment. The remaining 16 seedling$nfection courts that occurred at sites of new root emergence.

were randomized in racks with seedlings that had been activel ; . ;
growing for 4 weeks, some of which were intact and some of¥-|yphae ofL.. wagenerivar. pseudotsuga@vaded openings

which had clipped root seedlings, and incubated at 17°C in a conmhth.e b”arkf crgatedhby new lar;[eral rr]oogs, I\.Nh'Ch emerge by
trolled temperature growth chamber. Seedlings individually transPysically forcing their way through the living secondary

planted to tubes were wick-watered with 20% Hoagland’s solutionPhloem and cortex. Black-stain lesions developed in the par
(Hessburg and Hansen 1986). Wick-watering minimized the devel€nt root around the point of attachment of new lateral roots

opment of anaerobic soil conditions that usually developed withthat were themselves not initially infected. Type 5 consisted
top watering as diseased roots died. of split or fractured root infection courts that occurred on
Seedlings grown for 4 weeks from dormancy and transplantegpartially fractured roots or at acute-angled root junctures that
with roots intact were destructively sampled 40 days after ineculayere partially split. Type 5 differed from type 2 in that dam
tion. Seedlings grown for 4 weeks and transplanted with root ged roots were still alive and attacheldeptographium
clipped were destructively sampled 35 days after inocule_ttion, an ageneri var. pseudotsugaeenetrated the wound to €x
those grown for 8 vyeeks a_nd transplanted were destructively Samposed xylem often colonizing proximal and distal portions
pled 27 days after inoculation. of wounded roots. Type 6 consisted of dead root infection
courts that occurred at points of partial or complete detach

Results ment of dead fine roots from parent roots. Dead roots that
were partially detached were not penetrated by black-stain
Dormant seedlings hyphae, and stain lesions originated in the parent root

Of the 103 dormant inoculated seedlings, 48 (47%) weraround the point of detachment or in small stubs that re
infected withL. wagenerivar. pseudotsugaéTable 1). All inn mained attached to the parent root. Of the infected seedlings,
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Table 1. Infection frequency among Douglas-fir seedlings whose roots were dip-inoculated in a viscous blesmtagfraphium wagenenar. pseudostugaspores and hyphal

fragments 0, 4, and 8 weeks out of dormancy.

Infection court typé

Infected {%)Type 1 (%)

No. of

Type 5 (%) Type 6 (%) Type 7 (%)

Type 4 (%)
24a
55b

Type 3 (%)
7a

Type 2 (%)
15a
2b
94c
Ob
Note: Percentages in the same column followed by the same letter are not significantly different according to tests of last significant differencee{Ls81d; Birrie 1980) of the arcsine of the

seedlings inoculated
square root of the percentages. LSDpat 0.01 was 9%. Unknown infection courts were not tested.

Treatments

6a

6a

87

47

103

Fully dormant (lifted/cold stored)

2a 15

Oa

Oa

b26
c

100

Nondormant 4 weeks (intact roots)

Oa

4a

Oc
100d

Oa

87

54

Nondormant 4 weeks (clipped roots)
Nondormant 8 weeks (intact roots)

Oa

Oa

Oa

cO

50

aSee Fig. 2 for illustrations of infection court types. Values given are percentages of infected trees with that particular type of infectionpeolirtsfiger root stub; type 2, broken or cut root;

type 3, bark abrasion; type 4, new lateral root; type 5, split or fractured root; type 6, dead root; type 7, unknown.

Percentage of inoculated trees that became infected. Infections were determined by microscopic examination.

1257

Fig. 1. Time to infection for Douglas-fir seedling roots
dip-inoculated withLeptographium wagenesar. pseudotsugae

and incubated for 2 months in a greenhouse. Error bars are mean
standard errors.

0.8

07 T

0.6

0.5

04

0.3

Proportion of seedlings infected

0.2

0.1

34 44 50 57 61
Days from inoculation

63% of the infections occurred through wounds incurred at
the nursery (types 1-3 and 5, Fig. 2), and 31% occurred
through natural openings to exposed xylem (types 4 and 6).

Nondormant (4 week) seedlings with intact roots

Among the 45 seedlings with intact roots (inoculated
4 weeks after transplanting and sampled 40 days after inocu-
lation), all were infected with.. wagenerivar. pseudotsugae
(Table 1), but infection courts could not be ascertained with
certainty on seven seedlings. The remaining 38 seedlings av
eraged 3.4 infections per seedling. New root and shoet de
velopment was evident on all seedlings. Infections occurred
through natural openings in 26 of the 45 seedlings (55%),
and through spider-root stubs and broken or cut roots in 28%
(Table 1). No hyphal penetration of bark, cambium, or any
parenchyma cell was observed.

Nondormant (4 week) seedlings with clipped roots

Among the 54 seedlings with clipped roots (inoculated
4 weeks after planting and sampled 35 days after inecula
tion), 47 were infected (87%), and of these, 94-percent were
infected through clipping wounds (Table 1). Although €elip
ping removed nearly all previous wounds, most infected
seedlings had more than 15 infections, and stain columns
were beginning to coalesce at the time of destructive-sam
pling. It was therefore difficult to obtain an accurate count of
the total number of infections in some seedlings, especially
where infections were close together. We only tallied infec
tions when the point of entrance could be clearly estab
lished. For this reason, our estimate of the number of
infections per seedling is conservative. No infection by di
rect hyphal penetration of bark, cambium, or parenchyma
was observed.

© 2000 NRC Canada
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Fig. 2. Schematic drawings of the six types of infection courts observed on dip-inoculated Douglas-fir seedlings.

TYPE 2: BROKEN ROOT

Nondormant (8 week) seedlings with intact roots and resinosus. Larger injuries, such as those occurring by
Among the 16 seedlings with intact roots (inoculatedroot pruning, could be infected even after 1 month, because
8 weeks after planting and sampled 27 days after inoculacallus development over the wound was incomplete.
tion), 8 were infected, all through type 4 lateral root infec-
tion courts (Table 1). Many old wounds were apparent on
roots of these seedlings, but none were colonized bbiscussion
L. wagenerivar. pseudotsugaer any other fungus. In many
cases, wounds were callused and exhibited localized |n the three experiments involvind.. wageneri var.
resinosus. At final sampling nearly 3 months after the initialpseudotsugaamoculation of dormant and actively growing (4
planting, new foliage growth was nearly completed, but newand 8 week) seedlings, we identified six types of infection
needles were still succulent, and new white root tips wereourts. In the seedlings scorédwagenerivar. pseudotsugae
present throughout most root systems. At least five points ofositive by microscopic examination, all infections occurred
entry were found on all infected seedlings. through wounds or natural openings, and in no case was there
Once all root system dissections were completed, wdnistological evidence of infection through bark or cambial tis
compared the percentages of the six infection types for theues.
three experiments (dormant, active 4 weeks, active 8 weeks) Our experiments yielded several important observations.
using the least significant difference test (Steel and TorrieFirst, dormant seedlings from the nursery are obviously re
1980). Using the arcsine of the square root transformatiofplete with wounds incurred through root pruning, lifting, and
for percentage data, we found a significant differenge=(  handling. Wounds are readily infected by wagenerivar.
0.01) in the percentage of type 1, 2, and 4 infection courtpseudotsugaen the first month after planting, but after
among treatments (Table 1). Of special note, we observed 4 weeks of active growth, most wounds are closed, and by
significant difference in the percentage of type 4 infection8 weeks, wounds are no longer entrance courts for
courts among seedlings across all treatments. As expected, wagenerivar. pseudotsugaeSecond, seedlings active for
most infection courts were type 2 among the seedlings witlt weeks with clipped roots displayed nearly five times the
clipped roots that were inoculated 4 weeks after transplanimumber of infections per seedling as seedlings active for
ing, and the percentages of type 2 infections were signifi4 weeks with intact roots. Where wounds were abundant, in
cantly different among most treatments. In general, we notefections were abundant. Third, new lateral roots emerge in
that after 1 month, most minor root injuries (<2 mm) werethe first month of active growth but they are more common
not infected byL. wagenerivar. pseudotsugadecause the in the second month. When old wounds were overgrown af
site of injury was effectively cordoned off by callus tissue ter 4 and 8 weeks of active growth, natural openings were
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Fig. 3. Photograph of type 4 (new lateral root) infection courts on Douglas-fir seedling roots. Infections occured adjacent te new lat
eral roots that have recently forced their way to the outside through the endodermis, cortex, and epidermal tissues by enzymatic diges
tion and mechanical pressure. Several type 4 infection courts are indicated with arrows. Roots are actual size.

r T &2 S AT -~ ~ % N T = N

the only entrance courts fdr. wagenerivar. pseudotsugae root that serves as an entrance court forwagenerivar.
(Table 1). pseudotsugadFig. 3). Dissections of newly infected roots

Infection frequency through spider root stubs decrease@howing this pattern of infection revealed tHat wageneri
with increasing growth period before inoculation; wound clo-var. pseudotsugabyphae had colonized the xylem of the par-
sure discouraged infection after 4 weeks and appeared to prént root opposite these openings, and black-stain columns
vent it after 8 weeks. In inoculation trials with seedlings elongated axially away from these sites.
active for 4 weeks with clipped roots, most spider root stubs In the first experiment where dormant seedlings were in-
were removed; the frequency of type 1 infection courts wasculated and most infections occurred through wounds, new
reduced to its lowest level, and the frequency of type 2 infecroots developed at an increasing rate, and new shoot growth
tion courts (broken or cut roots) increased to its highest level.was evident as dormancy was broken. Type 4 lateral reot in

Damaged roots are frequently observed on trees unddection courts were observed 24% of the time on infected
field conditions. For example, we commonly observeseedlings. In seedlings with intact roots grown for 4 or
wounds on roots adjacent to stones buried in the soil during weeks before inoculation, 55 and 100% of the infection
field excavations. We suspect that wounds arise as rootsourts were type 4, respectively. On larger Douglas-fir, new
grow and increase in girth, and when winds create broken olateral roots are proliferated in the same manner. To under
abraded roots under the force of high velocity gusts. Roostand the role and importance of new lateral roots in
wounds may be important sites for infection of healthy treedntertree transmission within established foci, it will be-im
on the perimeter of infection foci, especially where root an portant to examine these possible entrance courts on larger
chorage has been compromised by root disease. Douglas-fir.

Twice as many type 4 infection courts (lateral root) were Infection of openings left by dead roots occurred in both
apparent on seedlings inoculated 4 weeks out of dormanocgormant inoculated seedlings and those grown for 4 weeks
than on dormant seedlings (Table 1). Because infections odefore inoculation, but were absent on seedlings grown for
curred at sites of new lateral roots, increases in infection fre8 weeks before inoculation. We would expect a low- fre
quency were related to longer periods of lateral root initiation.quency of type 6 dead root infection courts on seedlings that
Lateral roots arise from cells of the pericycle, the outermostre rapidly increasing their fine root systems. Type 6 infec
layer of the primary vascular stele, which becomes meristetions occurred either through stubs <2 mm long adjacent to a
matic at sites of new lateral root initiation. A new lateral branching point or on the parent root emanating from the
root forces its way through the endodermis, cortex, and epioriginal branching point. Dead roots may be important sites
dermal tissues by enzymatic digestion and mechanicat pre®f new infection and fungal egress. Fine roots generally live
sure (Esau 1977; Kramer and Kozlowski 1960; andfrom 1 to 4 years, and mortality is associated with cold
Kozlowski 1971). The lack of an initial connection between weather, excessive soil moisture, poor soil drainage and aera
the emerging lateral root, and the cortex and epidermis ofion, drought, attacks by insects, fungi, and other organisms,
the parent root leaves an opening to the xylem of the parerdnd foliage loss (Torrey and Clarkson 1975; Zimmerman and
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Brown 1971). Estimates of the annual mortality and decomals with western hemlock seedlings, confirmed that seedlings
position of fine roots for 70- to 170-year-old Douglas-fir were only occasionally killed (<5%) by the wagenerivar.
range from 5.5 to 7.2 MT-h&year® (Santantonio 1982). pseudotsugaésolate from western hemlock.
Estimates of the annual turnover in hardwood and softwood Infection of wounds by vascular wilt pathogens is common.
tree species range from 10 to 90% of the fine roots (KrameFor example, Selman and Buckley (1959) studied factors that
and Kozlowski 1979). During the summer and winter months affect invasion of tomato roots byerticillium albo-atrumand
dead roots are abundant on healthy trees and may be impahowed that transplanting injury and root cutting to expose
tant entrance courts fot. wagenerivar. pseudotsuga®n  the vascular system increased vascular infection frequency
large trees as on seedlings. dramatically. Among hardwood vascular wilt pathogens, in
Douglas-fir trees infected with. wagenerivar. pseudotsugae fection through wounds is also the norm. For example, the
retain much less foliage than healthy trees (Witcosky 1981)Dutch elm disease caused Byphiostoma ulmenters healthy
Such loss may further increase the amount of fine root mortalitglms when Scolytid bark beetles create feeding wounds in
on black-stain root diseased tre#ghen trees succumb to dis branch axils; the Oak wilt fungusCeratocystis fagacearum
ease and the associated insect attack, most major roots hageransmitted by sap-feeding Nitidulid beetles when they feed
been colonized. It is likely thdt. wagenerivar. pseudotsugae on sap emanating from fresh wounds; the verticillium wilt
has colonized many of the lateral roots upon which finefungus {erticillium albo-atrun) infects maples, elms, ashes,
roots are dying. Since infection occurs at these sites, fungand other species through wounds; and the Persimmon wilt
egress may also occur through the reverse route. fungus Acromonium diospy)i enters its hosts through
While we have observed seedling infections in the field onwounds (Tainter and Baker 1996). But it is significant that
numerous occasions, and wounds and openings of the kinds wagenerivar. pseudotsugaévades through natural open
we have described are readily found on seedling, saplinghgs because this feature is apparently rare or absent among
and pole-sized Douglas-fir alike, knowledge of wounds andvascular wilt pathogens (Beckman 1987, and references
entrance courts for fungi on seedlings from greenhouse aniherein), especially among wilt pathogens of trees.
growth chamber trials should be applied with a certain
amount of caution. Microbial communities of the rhizosphere
and rhizoplane, and edaphic factors will most certainly exerAcknowledgments
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