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ABSTRACT

Blodgett, J. T., Kruger, E. L., and Stanosz, G. R. 1997. Effects of moder-
ate water stress on disease development by Sphaeropsis sapinea on red
pine. Phytopathology 87:422-428.

The aggressiveness of Sphaeropsis sapinea isolates was compared on
water-stressed and nonstressed 3-year-old red pines (Pinus resinosa) in
greenhouse and growth chamber experiments. Water was withheld from
stressed seedlings to achieve mean predawn needle water potentials

(Ppp) above —1.9 MPa. The lowest meapyy of well-watered seedlings

were used in the growth chamber experiment. After 4 weeks, isolates of
morphotype A caused more severe symptoms and could be recovered
farther from the inoculation site on water-stressed than on nonstressed
trees in both experiments. In the greenhouse experiment, isolates of mor-
photype A also caused more severe symptoms and could be recovered
farther from the inoculation site than isolates of morphotype B, regard-
less of watering regime. These results indicate that water stress at levels
observed typically in the field can result in increased disease develop-
ment by isolates db sapinea morphotype A on red pine. The reduction

was maintained at or above —0.8 MPa. Young shoots were inoculated by water stress of red pines in the field may reduce losses due to
placing colonized agar plugs on wounds made by removing a needfphaeropsis shoot blight.

fascicle. Two isolates of each cgmized morphotype (A and B) were

used in the greenhouse experiment and two isolates of morphotype A&lditional keyword: Diplodia pinea.

Fhaeropsis sapinea (Fr.:Fr.) Dyko & Sutton in Sutton (syn.
Diplodia pinea (Desmaz.) J. Kickx fil.) causes a shoot blight and
canker disease of various conifers worldwide (10). Field observa-
tions have related severe drought to increased losses due to S
sapinea (6,9,16,20). In a survey of red (Pinus resinosa Aiton) and
jack pines (P. banksiana Lamb.) in Minnesota and Wisconsin, tree
mortality attributed to S. sapinea was as high as 30% for red pine
and 51% for jack pine (20). Poor sites, drought, hail, snow, and
insects were indicated as possible stress factors. In Chile and New
Zedland, more than 50% crown death with some mortality of ra-
diata pine (P. radiata D. Don) was attributed to S sapinea during
prolonged drought (9). Although considerable losses by S. sapinea
have been associated with droughts, these field observations do
not separate the effects of drought from the possible effects of
other environmental factors.

Generdizations of the conclusions from previous controlled
studies are limited by the host species used, the extreme water
stress to which they were subjected, or the lack of statistical
analyses (2,9,17,33). Chou (9) reported that stems of radiata pine
were only invaded by S sapinea when predawn needle water po-

zation of S sapinea on Austrian P. nigra Arnold), Scots .
sylvestris L.), and Japanese bladR ¢(hunbergiana Franco) pines,
although no statistical analysis was presented (2).

Previous studies also have not examined the potential influence
of pathogen variability on colonization of water-stressed hosts by
S sapinea. There are two distinct morphotypes Sfsapinea (A
and B) in the north central United States (21). Morphotypes are
morphologically distinguishable groups of individuals, within a
species, with unknown or no taxonomic significance (11). The
morphotypes ofS. sapinea differ in colony morphology, growth
rates on potato dextrose agar, average spore sizes, and isozymes
(21). Isolates of the A morphotype are more aggressive on red
pine than isolates of morphotype B (7). Random amplified poly-
morphic DNA analysis also separates isolates of the two
morphotypes into two distinct groups (28).

The objectives of studies described in this paper were to deter-
mine if shoot colonization by sapinea could be enhanced in
moderately water-stressed treefg( above -1.9 MPa) and to
compare responses of water-stressed hosts using isolates of each
morphotype. The null hypotheses tested in this study were that

tential (Ypp) fell below —2.5 MPa. By the end of that experiment, water stress does not affect symptom development and coloniza-
Yo averaged —3.5 MPa and mortality of 20% of the noninocution of red pine byS sapinea and that the effect on symptom

lated control plants was attributed to permanent wiltipg, (vell

development and colonization of water-stressed red pines is the

below —3.5 MPa). Increased severity of cankers cause& by same for each morphotype. The responses of water-stressed and

sapinea f. sp. cupressi on cypress Qupressus sempervirens L.)

nonstressed red pine seedlings to isolates of each morphotype

was reported only at —4.5 to —5.5 MPa (17). Severe water streg®re compared in a greenhouse. Isolates of the A morphotype also
(Wpp from —4.5 to —5.0 MPa) after inoculation resulted in morewere used in a subsequent experiment in a growth chamber.

colonization of Scots pine § sapinea than water stress prior to

inoculation (33). More moderate levels of water strggg {rom

MATERIALSAND METHODS

-1.2 to -1.5 MPa) have been suggested to enhance the coloni-
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Greenhouse experiment. Dormant, 2-year-old red pine nursery
seedlings (Griffith Nursery, Wisconsin Rapids, WI) were potted
during April 1992 into Tall One Treepots (approximately 10 x 10
x 36 cm deep; Stuewe & Sons Inc., Corvallis, OR) and grown in a
greenhouse. A soil mix (vol/vol) of one-half Plainfield sand from



a 35-year-old red pine plantation in central Wisconsin, and one- (Madison, WI) to further examine the effects of water stress using
half Pro-Mix BX growing mix (Premier Brands Inc., Riviére du two isolates ofS sapinea morphotype A. Isolates of morphotype
Loup, Québec, Canada) was used as the growth medium. Se@&lwere not used in this experiment because they did not show a
lings were periodically fertilized the summer before the experisignificant response to host water stress in the previous experi-
ment by watering to field capacity with 2.0 cc of Peters Acidment. Dormant, 2-year-old red pine nursery seedlings were potted
Greening soluble fertilizer (17:6:6 N/P/K; Scotts Co., Allentown,and fertilized as described previously during April 1993 into a soil
PA) per liter. In October 1992, potted seedlings were placed in mix (vol/vol) of one-half Plainfield sand from a 10-year-old red
cold-frame and allowed to harden before the experiment was initpine plantation in central Wisconsin, and one-half Fafard growing
ated. Seedling height in late October was 28.4tdd (standard mix no. 2 (Conrad Fafard Inc., Inkerman, New Brunswick, Cana-
error). da). In November 1993, potted seedlings were placed in a cold-
In December 1992, seedlings were moved into a greenhousmme and allowed to harden before the experiment was initiated.
supplemented with artificial light to provide a 16-h photoperiod.Seedling height in early November was 22.24cth4.
The photon flux density of the supplemented light averaged 118 In February 1994, seedlings were moved into a greenhouse as in
UE s m 2 with a maximum recorded ambient greenhouse photon the greenhouse experiment. Artificial light supplemented natural
flux density of 936 HE$ m2 The average greenhouse tempera- light to provide a 16-h photoperiod. Initially, all seedlings were
ture was 27°C during the day and 20°C during the night and avewatered to field capacity every 3 days. After 26 days, seedlings
age relative humidity was 38%. Initially, all seedlings were wawere either watered to field capacity daily (nonstressed) or not at
tered to field capacity every 3 days. After 33 days, seedlings wegdl (stressed) for the rest of the experiment.
either watered to field capacity daily (nonstressed) or watered After 1 week under the different watering regimes, seedlings
when the meay;, fell below —1.64 MPa (stressed). A pressurewere moved into a growth chamber. The average environmental
bomb (27) was used to measuyg, 2 to 3 times per week. For conditions of the growth chamber were as follows: temperature
each watering regime, readings were taken from five noninocyday 25°C, night 20°C), relative humidity (day 81%, night 95%),
lated seedlings that were placed randomly among the inoculatdight (photon flux density of 790 uE’sn?) with a 40 min step-up
seedlings. The use of the pressure bomb required destructive samnd step-down of intensity on each end of a day (20 min at both
pling of individual needles. To avoid any effect of repeated needIB5 and 268 PE$m), and aday length of 14 h. The high relative
removal, a new set of 10 noninoculated seedlings was used for themidity facilitated a prolonged drying period compared with the
determination ofppp during the second half of each trial. greenhouse experiment. Every 3 days, Ypp were measured with a
After 2 weeks under the different watering regimes, elongatingressure bomb from 20 of the inoculated seedlings. These seed-
shoots were inoculated with 4-mm-diameter agar plugs cut frortings were divided equally among watering regime and isolate
margins of actively growing cultures & sapinea. Inoculations  treatment combinations.
involved placing a colonized 1.5% water agar plug (WA; Difco After 1 week in the growth chamber, elongating shoots of the 3-
Laboratories, Detroit) fungus-side-down on a wound (approxyear-old seedlings were inoculated with isolates A1 and A2 as
imately 3 x 1.5 mm) made by removing a needle fascicle (by previously described for the greenhouse experiment. Twelve seed-
scalpel cut flush to the stem) 2 cm below the shoot apex. Shodisgs per watering regime and isolate combination, and seven
were wrapped with Parafilm (American National Can, Chicagowounded controls for each watering regime, were used in each of
for 4 days. Two isolates of morphotype A (A1 and A2) and two otwo separate (separated by 2 weeks) completely randomized trials.
morphotype B (B1 and B2) collected from pines in Wisconsin and\ noncolonized WA plug was applied to wounded controls.
Minnesota were included as treatments (Table 1). Seven seedlingsObservations recorded 4 weeks after inoculation included the
per watering regime and isolate treatment combination, and severesence of necrotic needles and cankers, and wound color and
wounded and nonwounded control seedlings for each wateringsin flow from the wound as described in the greenhouse experi-
regime, were used in each of two separate (separated by 2 week@&nt. Symptom severity, expressed as the distance along the stem
completely randomized trials. A noncolonized WA plug was apfrom the inoculation site to the farthest point below it at which
plied to wounded controls. necrotic needles were observed, was measured at 2 and 4 weeks
Observations recorded 4 weeks after inoculation included presfter inoculation. At 4 weeks after inoculation, the distance below
ence of necrotic needles and cankers, wound color (green, tahe inoculation site at which cankers were observed aso was
brown, or black), and resin flow from the wound (no resin off themeasured. Soil moisture content and shoot dry weight were de-
wound site, resin less than 3 mm from the wound site, or resin t8rmined as described in the first experiment.
mm or farther from the wound site). Symptom severity, expressed S sapinea was recovered from shoots as described above. After
as the distance along the stem from the inoculation site to the fa'emoving needles, 22-cm-long shoots were surface-disinfected as
thest point below it at which necrotic needles were observed, wascribed in the greenhouse experiment. One-centimeter-long
measured at 4 weeks after inoculation. Shoot dry weight and saégments centered at O, 2, 4, 6, 8, and 12 cm from the inoculation
moisture content also were determined at this time. Soils wergte were cut asepticaly and treated as described in the green-
weighed immediately and soils and shoots were dried at 50°C fdwouse experiment. The presence of S sapinea was determined as
1 week prior to determination of the dry weight. described in the greenhouse experiment.
The distance from the site of inoculation at whighsapinea Statistical analyses. Daily Wpp from the greenhouse experiment
could be recovered was determined at 4 weeks after inoculatiowere analyzed by one-way analyses of variance with watering
After removing needles, 22-cm-long shoots were surface-disirregime as the factor. Daily Wpp from the growth chamber experi-
fected for 10 s in 95% ethanol followed by 4 min in 1.05% NaOCIment were analyzed by two-factor analyses of variance with inter-
solution with 2 drops of Tween 80 (Fisher Scientific Co., Toronto,
Ontario, Canada) per liter. One-centimeter-long segments centered . ) o ) )
at 0, 3, 6, 9, and 12 cm from the inoculation site were cut aseptELE 1 Origin of Sphaeropsis sapinea isolates used in experiments

tically. These segments were placed in individual slants containsolate? Isolate no.? Host Geographic origin
ing 2% WA and incubated for 12 weeks at ambient laboratory 11 Pinusresinosa  Clearwater Co., MN
temperature (approximately 24°C) and light. The presenc® of a2 128 P. resinosa Grant Co., WI
sapinea in incubated shoot segments was determined by examim1 124 P. banksiana Jackson Co., WI
ing the resulting mycelia, pycnidia, and spores. B2 215 P. resinosa Douglas Co., WI

Growth chamber experiment. A growth chamber experiment  a vorphotype and isolate number.
was conducted at the University of Wisconsin-Madison Biotror? Culture collection numbers of M. A. Palmer.
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actions. Factors used as main effects were watering regime and seedlings for all days except the first readings immediately after
isolate. Other quantitative data (symptom severity, distances of watering in both trials (Fig. 1). The meawmy (all days) for trials
recovery, shoot dry weights, and soil moisture content) were ana 1 and 2, respectively, were —1.20 MPAa.03 (standard error) and
lyzed by three-factor analyses of variance with all interactions; —1.09 MPat 0.03 for stressed seedlings; —0.75 MP@.01 and
factors used as main effects were watering regime, inoculation  —0.71 MPaz 0.01 for nonstressed seedlings. The lowest daily
treatment or isolate, and trial. For the growth chamber experiment, meanypp Of stressed seedlings were —1.90 MP& 10 for trial 1

to examine time (2 versus 4 weeks) as a fourth-factor for the re- and —1.90 MP& 0.12 for trial 2. Soil moisture content at the end
sponse variable of symptom severity, a split plot model was used of the experiment averaged 11.894.0 and 35.7% 0.6 for the
with plant as the whole plot and time of the severity measurement stressed and nonstressed treatments, respecti¥ely0(001). In-

as a subplot. The symptom severity data were anayzed both oculation treatment had no affect on soil moisture content at the
untransformed and after In(x + 1) transformation was applied. The  end of the experimenP(= 0.520).

P values and resulting conclusions were similar for both forms of Needles produced during the current year on stressed seedlings
analysis, therefore, results are reported here only for the untrans- appeared slightly chlorotic compared with needles of nonstressed
formed data. If significant differences were found (P < 0.05), seedlings after 23 days under the different watering regimes. Dif-

means were separated using Fisher’s least significant differenéerences in shoot dry weights were significant for watering regime
(LSD) atP = 0.05. Two different LSD values were determined in(P < 0.001), but not for the inoculation treatmdnt=0.121). The
the growth chamber experiment for symptom severity because afean shoot weights were 12.7dL.0 for stressed seedlings and
the experimental design (18). L&Dwas calculated to separate 15.6 g+ 1.2 for nonstressed seedlings.
means within a treatment combination at different times and Symptoms of inoculated seedlings included necrotic needles,
LSDat was calculated to separate means across treatmerankers around the wound site, darkening of the wound site, and
combinations. Simple linear regression analyses were used to ageater resin flow from the wound. Earliest symptoms (necrotic
amine relationships between quantitative variables (symptom seeedles and resin flow from the wound) were observed after 3
verity versus recovery distance and distance of cankers). Chilays on nonstressed seedlings inoculated with isolates of mor-
square goodness-of-fit analyses were used to analyze frequergyotype A and 5 days on stressed seedlings inoculated with iso-
data (incidence of disease and ratings of resin flow from thé&ates of morphotype A. The wound sites of stems inoculated with
wound). Analyses of variance (using general linear model promorphotype A isolates turned black or darker than wound sites of
cedure) and linear regression analyses were performed with tBéems inoculated with isolates of morphotype B. The wound sites
Minitab for Windows program (release 10.2; Minitab Inc., Stateof wounded controls either remained green or turned tan. Al-
College, PA). Chi-square goodness-of-fit analyses were performétough there was no effect of watering regime on wound color,
with the Statgraphics program (release 5.1; STSC Inc., Rockvillehere was an effect of watering regime on the amount of resin
MD). flow from the inoculation (Table 2). Inoculated, nonstressed seed-
lings produced more resin from wounds than stressed seedlings.
RESULTS The wound sites of stems inoculated with isolates of morphotype
A also had greater resin flow than wounds of stems inoculated
Greenhouse experiment. The watering regimes produced sig- with isolates of morphotype B. Resin flow from the wounds of
nificant differences inQp, between stressed and nonstressednoculated stems was greater than from wounds of control seed-
lings. The flow of resin beyond the wound was rarely observed for
control seedlings of either watering regime.
TABLE 2. Number of observations® in three resin flow categories® for red Incidence of disease (number of seedlings with necrotic needles)

pine (Pinus resinosa) seedlings inoculated with Sphaeropsis sapinea mor- was influenced by morphotype, regardless of watering regime (
photypes and either water stressed or well watered

Resin flow categories

Watering Inoculation
regime® treatment Low Moderate  High pd B —=— Nonstressed
Nonstressed Al 0 4 10 0.004 “"f --&-- Stressed
A2 2 2 10 0.008 a 04 i
Bl 3 7 4 0.555 b
B2 3 4 7 0.390 —
Wounded control 11 3 0 <0.001 3 0.8 W | | 0 |
Stressed Al 1 8 5 0121 — "agan l R
A2 4 3 7 0.343 8 'n : ‘w
B1 7 7 0 0.030 ° '. H
B2 3 8 3 0.273 & 12 - LN R
Wounded control 9 5 0 0.008 -
pd 0002 0456  <0.001 % "
aValues are the total number from two greenhouse trials each having seven ; -1.6p . [ v
seedlings per treatment (watering regime and isolate combinations) with
seven seedlings for controls (total 14 in a row). Young shoots were in- 0 Lati '-. Inoculation ;
oculated by placing colonized agar plugs on wounds made by removing a K "oc;‘ ation R Y
needle fascicle. -2 s 4 v A 4 v v s
b Resin flow from the wound was visually estimated 4 weeks after inocu- 0 10 20 30 400 10 20 30 4
lation and ranked as low (no resin off the wound), moderate (resin less than Days

3 mm from the wound), or high (resin 3 mm or farther from the wound).
¢ Seedlings were either watered daily (nonstressed) or watered when the Fig. 1. Mean predawn needle water potentials for red piRiaué resinosa)
mean predawn needle water potential fell below —1.64 MPa (stressed). seedlings grown in a greenhouse. On day 0, all seedlings were watered to
d Probability that there is no difference among resin flow categories within dield capacity. Seedlings were then either watered daily (nonstressed) or
row, or among watering regime and inoculation treatment combinationsvhen the mean predawn needle water potential fell below -1.64 MPa
within a column, based on chi-square tests. The expected frequencies ugettessed). On day 14, seedlings were inoculated. Values are means of two
were S x C)/N, in whichSis the number of observations in a category for separate trial¢A and B) with five seedlings per observation in each trial.
an observationC is the total number of observations of the category of in-Vertical lines indicate Fisher's least significant differences for separating
terest, andN is the total number of observations. means for a single day Bt= 0.05.
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= 0.011 for stressed; P < 0.001 for nonstressed). The incidence of
disease was greater among seedlings inoculated with isolates of
morphotype A than among those inoculated with isolates of mor-
photype B. Four weeks after inoculation, isolates of morphotype
A caused disease on all seedlings under both watering regimes.
On average, isolates of morphotype B caused disease on 57% of
seedlings under both watering regimes. The incidence of disease
did not differ among seedlings subjected to different watering
regimes that were inoculated with different isolates of the same
morphotype (P = 1.000 for A isolates; P = 0.405 for B isolates).
Necrotic needles and cankers were observed on one wounded
control and on none of the nonwounded control seedlings.
Although there were no watering regime effects on the incidence
of disease among seedlings inoculated with the same morphotype,
there were both watering regime and inoculation treatment effects
on symptom severity. Three-factor analysis of variance of symp-
tom severity 4 weeks after inoculation indicated effects of water-
ing regime (P = 0.007) and inoculation treatment (P < 0.001), but
not of trial (P = 0.601). Stressed seedlings inoculated with isolates
of morphotype A developed necrotic needles at greater distances
from the inoculation site than nonstressed seedlings inoculated
with the same isolates (Fig. 2). Based on the LSD comparisons,
this effect was significant for isolate 2 of morphotype A a P =
0.05in both trials and for isolate Al a P = 0.05 in one trial and at
P = 0.08 in the other. The effect of watering regime was not signi-
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Fig. 2. Symptom severity, expressed as the mean distance below the inocula-
tion site at which necrotic needles were observed 4 weeks after inoculation.
Greenhouse-grown red pine (Pinus resinosa) seedlings were wounded and
inoculated with agar plugs colonized by Sphaeropsis sapinea isolates.
Treatments include two A (Al and A2) and two B (B1 and B2) isolates and
both nonwounded (N) and wounded (W) controls. Seedlings were either
watered daily (nonstressed) or when the mean predawn needle water poten-

o

ficant for either B isolate in either trial. The interactions between
inoculation treatment and watering regime (P = 0.061) or trial (P
= 0.322) were not significant.

Neither isolate nor watering regime influenced the recovery of

S sapinea from the point of inoculation, but these did affect the
distance at which the fungus was recovered. S sapinea was al-
ways recovered from the inoculation point of seedlings of both
morphotype treatments and both watering regimes, except for the
controls from which it was not recovered at any distance. Three-
factor analysis of variance of distance at which S sapinea was
recovered at 4 weeks after inoculation indicated effects of the
inoculation treatment used (P < 0.001) and watering regime (P =
0.011), but not of trial (P = 0.989). The mean distance below the
inoculation site of recovery for isolates of morphotype A was 4.8
cm + 1.1 on stressed and 2.5 cm + 0.7 on nonstressed seedlings.
Mean distance below the inoculation site of recovery for isolates
of morphotype B was 0.2 cm + 0.2 on stressed and 0.0 cm £ 0.0
on nonstressed seedlings. Symptom severity was positively cor-
related with distance of recovery from the inoculation point for
isolates of morphotype A (r = 0.94, P < 0.001, slope = 0.95, inter-
cept = —0.41,n = 56) and for isolates of morphotype B 0.80,
P < 0.003, slope = 0.91, intercept = 0.42; 56).

Growth chamber experiment. The watering regimes produced
significant differences inppp, between stressed and nonstressed
seedlings for all days except the first reading of trial 1 and the first
two readings of trial 2 (Fig. 3). The medis, (all days) for trials
1 and 2, respectively, were —1.11 MP#®.09 and -1.14 MPa
0.12 for the stressed seedlings; —0.46 MRRO1 and —0.52 MPa
+ 0.01 for nonstressed seedlings. The lowest miggn(last day
of experiment) for stressed seedlings were —1.90 ¥Pd.8 for
trial 1 and —1.73 MP& 0.22 for trial 2. The effect of inoculation
treatment and interactions between inoculation treatment and wa-
tering regime were not significant for any day in either trial. The
mean soil moisture content at the end of the experiment was 7.9%
+ 1.0 and 38.0% 0.2 for the stressed and nonstressed treatments
respectively P < 0.001). Inoculation treatment had no affect on
soil moisture content at the end of the experiment 0.590).

Needles produced during the current year on stressed seedlings
appeared slightly chlorotic compared with needles of nonstressed
seedlings after 28 days under the different watering regimes. Dif-
ferences in shoot dry weights were significant for watering regime

TABLE 3. Number of observationsn three resin flow categoriegor red
pine Pinus resinosa) seedlings inoculated with the A morphotypeSphaer-
opsis sapinea and either water stressed or well watered

Resin flow categories

Watering Inoculation
regime treatment Low Moderate  High Pd
Nonstressed Al 1 13 10 0.002
A2 4 9 11 0.007
Wounded control 11 3 0 0.003
Stressed Al 10 12 2 0.320
A2 7 14 3 0.328
Wounded control 11 3 0 0.003
pd <0.001 0.376 <0.001

2 Values are the total number from two growth chamber trials each having 14
seedlings per treatment (watering regime and isolate combinations) with
seven seedlings for controls (total 24 in a row for isolates and 14 in a row
for controls). Young shoots were inoculated by placing colonized agar plugs
on wounds made by removing a needle fascicle.

b Resin flow from the wound was visually estimated 4 weeks after inocu-
lation and ranked as low (no resin off the wound), moderate (resin less than
3 mm from the wound), or high (resin 3 mm or farther from the wound).

¢ Seedlings were either watered daily (nonstressed) or never watered (stressed).

d Probability that there is no difference among resin flow categories within a
row, or among watering regime and inoculation treatment combinations

tial fell below —1.64 MPa (stressed). Values are combined means of two within a column, based on chi-square tests. The expected frequencies used
separate trials with seven trees per treatment combination in each trial. Thevere S x C)/N, in whichSis the number of observations in a category for
LSD value is the Fisher’s least significant difference for separating the meansan observationC is the total number of observations of the category of in-

atP =0.05.

terest, andN is the total number of observations
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(P < 0.001), but not for the inocul ation treatment (P = 0.275). The
mean shoot weights were 14.7 g + 1.1 for stressed seedlings and
18.9 g + 1.7 for nonstressed seedlings.

Symptoms observed on inoculated seedlings were similar to
those on seedlings inoculated with isolates of morphotype A in the
greenhouse experiment. Earliest symptoms (necrotic needles and
resin flow from the wound) were observed after 3 days on non-
stressed seedlings and 5 days on stressed seedlings. The wound
sites of inoculated stems also turned dark and the wound site of
wounded controls remained green or turned tan. Although there
was no effect of watering regime on wound color, watering regime
influenced the amount of resin flow from the inoculation (Table
3). Inoculated, nonstressed seedlings produced more resin from
wounds than stressed seedlings. Resin flow from the wounds of
inoculated stems was greater than from wounds of control seed-
lings. The flow of resin beyond the wound was rarely observed for
control seedlings of either watering regime.

Four weeks after inoculation, all inoculated seedlings had some
disease. Necrotic needles and cankers were never observed on con-
trol seedlings. The incidence of disease (number of seedlings with
necratic needles) did not differ among inoculated seedlings sub-
jected to different watering regimes (P = 1.000).

There were both watering regime and time effects on symptom
severity. Four-factor analysis of variance of symptom severity at 2
and 4 weeks after inoculation indicated effects of watering regime
(P < 0.001) and time (P < 0.001), but not of isolate (P = 0.093) or
trial (P = 0.840). Inoculated, stressed seedlings developed necrotic
needles at greater distances from the inoculation site than non-
stressed seedlings (Fig. 4). The interaction between isolate and
watering regime was not significant (P = 0.736), suggesting that
the isolates responded consistently under the different watering
regimes. At 4 weeks after inoculation, symptom severity was pos-
itively correlated with the mean distance of cankers (r = 0.97, P <
0.001, slope = 0.86, intercept = 0.31, n = 96).

There was an interaction between time and watering regime (P
< 0.001), but not between time and isolate (P = 0.136). The sig-
nificant interaction between time and watering regime indicates
differences in rates of symptom development between watering
regimes. The rate of disease development decreased as time after
inoculation increased for both watering regimes. The rate of dis-
ease development for inoculated seedlings was 1.7 cm/week + 0.1

—=— Nonstressed
?-0 A B ---&-- Stressed
o ) r..f—.-h-..-‘.-. [ f\l—'i—v-r"\
E ] | | | =R
— -"-._l %
I 03f u s u
- n I.‘
g N - ’ |
° n
a-12}f " B
- [ ] n
3 w,
g -16F " - bl
1. ‘.
Inoculation " Inoculation
2k N " 2 " " , v o o .
0 10 20 30 400 10 20 30 40

Days

Fig. 3. Mean predawn needle water potentials for red pine (Pinus resinosa)
seedlings grown in a growth chamber. On day 0, all seedlings were watered
to field capacity. Seedlings were then either watered daily (nonstressed) or
not at all (stressed). On day 14, seedlings were inoculated. Values are means
of two separate trials (A and B) with 10 seedlings per observation in each

for stressed seedlings and 1.0 cm/week + 0.1 for nonstressed seed-
lings from 0 to 2 weeks. The rate of disease development from 2
to 4 weeks dropped to 0.9 cm/week + 0.1 for stressed seedlings
and 0.2 cm/week + 0.1 for nonstressed seedlings.

The watering regime did not influence the recovery of S
sapinea from the point of inoculation, but it did affect the distance
at which the fungus was recovered. S. sapinea was always recov-
ered from the inoculation point of seedlings of both watering re-
gimes, except for the controls, from which it was not recovered at
any distance. Three-factor analysis of variance of distance at
which S sapinea was recovered at 4 weeks after inoculation indi-
cated effects of isolate used (P = 0.022) and watering regime (P <
0.001), but not of trial (P = 0.897). Mean distance below the in-
oculation site of recovery for S. sapinea was 5.3 cm + 0.7 on
stressed and 2.4 cm + 0.4 on nonstressed seedlings. Symptom se-
verity was positively correlated with distance of recovery from the
inoculation point (r = 0.90, P < 0.001, slope = 0.94, intercept =
0.14, n = 96).

DISCUSSION

Environmental conditions are known to influence both the inci-
dence and severity of woody plant diseases (24,25). Water stress
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Fig. 4. Symptom severity, expressed as the mean distance below the inocula-
tion site at which necrotic needles were observed 2 and 4 weeks after inocu-
lation. Growth-chamber-grown red pin®ifus resinosa) seedlings were
wounded and inoculated with agar plugs colonizedfihyaeropsis sapinea
isolates. Treatments include two isolates (A1 and A2) and a wounded control
(W). Seedlings were either watered daily (nonstressed) or not at all (stressed).
Values are combined means of two separate trials with 12 trees per treatment
combination and seven trees per treatment combination for controls in each
trial. The LSD values are Fisher’s least significant differences for separating
the means aP = 0.05. LSDvt is for separating means within a treatment

trial. Vertical lines indicate Fisher’s least significant differences for separatcombination at different times and L8Dis for separating means across

ing means for a single dayRt= 0.05.
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is associated with enhancement of disease development on several
tree species by many pathogens (1,3,4,22,25,26). However, water
stress also may have a neutral or negative influence on the devel-
opment of certain woody plant diseases (5,13,17,30,31). In this
study, the results of both experiments showed that water stress of
established red pine seedlings enhances disease development and
colonization by isolates of S. sapinea morphotype A. This conclu-
sion is consistent with field observations and experimental results
obtained with other host species for S. sapinea isolates of un-
known morphotype (2,6,9,16,17,20,33).

Although this study shows that water stress can result in more
severe Sphaeropsis shoot blight and canker disease, increases in
disease severity were only significant for isolates of morphotype
A. In contrast, isolates of morphotype B showed no significant
increases in aggressiveness when their hosts were water stressed.
In a previous study, isolates of morphotype B were not aggressive
on red pine (7). These isolates either do not cause severe disease
to red pine or the water potentials used in this study were not low
enough to stimulate such development.

The current study also showed that relatively moderate water
stress, compared with previous controlled studies (9,17,33), can
result in greater disease severity by isolates of S. sapinea mor-
photype A. Predawn water potentials of stressed trees were
comparable with those observed in the field (29; J. T. Blodgett,
unpublished data). Results from the current study support field
observations that water stress can result in increased disease se-
verity due to Sphaeropsis shoot blight (6,9,16,20). Extremely low

host water potentials (—3.0 MPa or lower) or other environmental
factors (such as poor site, temperature extremes, hail dama

than in stressed seedlings), defense mechanisms may be slowed
more in stressed versus nonstressed seedlings, at the water poten-
tials investigated in this study.

Reduction in long term defensive responses may indicate hosts
that are metabolically compromised. Pines respond to drought
stress by closing stomates and reducing the rate of many physio-
logical processes (12,15,24). The reduction in shoot growth of
water-stressed seedlings observed in this study suggests that these
seedlings were experiencing reduced carbon assimilation. Re-
duced carbon reserves may decrease some defense mechanism(s)
and diminish the plants’ ability to restrict colonization by patho-
gens (24).

Currently it is not clear how water stress influences coloniza-
tion of pines byS sapinea. The methods used in this study pro-
vide a foundation for further comparisons of nutritional, physical,
chemical, or other host differences between different watering
regimes that may explain differences in host colonization. Given
the distinct differences in severity of symptoms produced by red
pines inoculated with the two morphotypes, this pathogen offers
opportunities for more fundamental studies of host-pathogen in-
teractions.
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