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ABSTRACT

Blodgett, J. T., and Stanosz, G. R. 1998. Monoterpene and phenolic
compound concentrations in water-stressed red pine inoculated with
Sphaeropsis sapinea. Phytopathology 88:245-251.

Changes in monoterpene and phenolic compounds resulting from
water stress and colonization by Sphaeropsis sapinea were examined for
9- and 11-year-old red pine trees in a plantation and 3-year-old seedlings
in a growth chamber. Four treatments were assigned at random to
individual trees in the field: no treatment, herbicide to kill surrounding
weeds, supplemental water, and both herbicide and supplemental water.
In the growth chamber, seedlings were either not watered (water
stressed) or watered daily (nonstressed). Shoots were inoculated with
agar plugs colonized with either S sapinea isolates of morphotype A and
B (field) or only isolates of morphotype A (growth chamber). Nine
monoterpenes were detected in tissue extracts; the most common were
a-pinene (59 to 74% of the tota), B-pinene (13 to 33% of the total), and

6-3-carene (1 to 5% of the total). Shoots inoculated with isolates of mor-
photype A had more severe symptoms and produced higher concen-
trations of monoterpenes in both experiments compared with the con-
trols. In the growth chamber, inoculations with isolates of morphotype A
caused higher concentrations of phenolics compared with the controls. In
the field experiment, monoterpenes increased in quantity only in shoots
of stressed trees inoculated with isolates of morphotype A. Isolates of
morphotype B caused few symptoms and did not alter monoterpene con-
centrations. Increases in monoterpenes do not appear to be involved in
the response to infection by morphotype A in nonstressed trees, and the
role of phenalics is unclear. However, these results are consistent with
previous observations that monoterpenes may be involved in the differ-
ences in aggressiveness between morphotypes on red pine.

Additional keywords: Diplodia pinea, drought, Pinus resinosa.

Severe damage to two- and three-needled pines caused by
Sohaeropsis sapinea (Fr.:Fr.) Dyko & Sutton in Sutton (syn.
Diplodia pinea (Desmaz.) J. Kickx fil.) throughout the world is
associated with predisposing stresses including water stress (2,26,
32,33). Controlled studies on the effects of host water stress on
disease development have been conducted on other hosts. How-
ever, either water stress was severe (-3.0 MPa or lower) or data
were not statistically analyzed (1,8,29,40). More recently, studies
conducted in a greenhouse, a growth chamber, and a plantation
demonstrated that moderate water stress (above —-1.9 MPa) en-
hanced shoot colonization of red pine (Pinus resinosa Aiton) by S.
sapinea (4,5).

There are two recognized morphotypes of S. sapinea (34). Mor-
photypes are morphologically distinguishable groups of individ-
uals within a species with unknown or no taxonomic significance
(15). The A morphotype of S sapinea is more aggressive in
colonizing red pine than the B morphotype (7). Moderate water
stress increases severity of disease on red pines inoculated with
isolates of morphotype A but not of morphotype B (4).

Conifers can respond to fungal colonization by forming resin-
ous lesions in the phloem and sapwood around the infection sites.
These resinous lesions contain high concentrations of secondary
metabolites (31), including monoterpene and phenolic compounds
(24,35). A defensive function has been suggested for the secon-
dary metabolites elicited in response to pathogen invasion of pines
(3,41). Monoterpenes and phenolics are the main classes of chem-

Corresponding author: J. T. Blodgett
E-mail address: Blodgett@Ilandbou.uovs.ac.za

Publication no. P-1998-0122-01R
© 1998 The American Phytopathological Society

icals associated with the resistance of many pine species to patho-
gens and insects (19,28,35,38,39). These compounds can increase
in quantity and change in quality in response to mechanical
damage and fungal invasion. They occur in high concentrations in
conifer species (up to hundreds of milligrams per gram, dry weight)
and have fungistatic properties at concentrations observed in pines
and other conifers (16,24,25,35). They have been found to have
fungistatic effects on various disease-causing fungi of pines,
including the root rot pathogen, Heterobasidion annosum (Fr.:Fr.)
Bref. (14,23); stain fungi, including Leptographium spp. (25) and
Ophiostoma spp. (35); the needle blight pathogen, Dothistroma
septospora (Doroguine) Morelet (12); and the shoot blight and
canker pathogen, S sapinea (9).

The active defensive response may decrease under host stress,
resulting in lower concentrations of these chemicals and greater
disease severity (11,24). In severa conifer species, lower levels of
phenolic production and increased colonization by Armillaria
ostoyae (Romagnesi) Herink have been attributed to reduced light
and low nitrogen levels (11). Lower concentrations of both mono-
terpenes and phenolics and increased colonization by Lepto-
graphiumterebrantis S. J. Barras and T. J. Perry were attributed to
reduced light (24). However, little research has been conducted on
the qualitative effects of water stress on concentrations of mono-
terpenes and phenolics of pines challenged by canker diseases,
such asthat caused by S sapinea.

Field and growth chamber experiments were conducted to
examine changes in the concentrations of monoterpenes and
phenolics of red pine trees in response to water stress and colo-
nization by S sapinea. The purpose of these experiments was to
explore the potentia role of these compounds in restricting colo-
nization by both aggressive and nonaggressive isolates of this
pathogen. These studies also examined host susceptibility result-
ing from environmental stress. It was hypothesized that when
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pines were challenged by S sapinea, these chemicals would
increase in concentration or change in composition in nonstressed
trees but that these changes would be inhibited in stressed trees.
The objectives of this study were (i) to make quantitative estimates
of individual monoterpenes and total phenolics present in red pine,
(ii) to determine the effects of moderate water stress and coloniza
tion by S sapinea on red pine monoterpenes and phenalics, and
(iii) to assess differences in chemica responses of this host to
colonization by the S. sapinea morphotypes. The null hypotheses
tested were (i) concentrations of monoterpenes (both quantity and
quality) and phenolics (quantity) do not change in red pine
because of water stress or colonization by S sapinea, and (ii)
concentrations of these chemicals do not differ when challenged
by A or B isolates.

MATERIALSAND METHODS

Plant material from the field. A 9-year-old red pine plantation
was selected in 1992 in Adams County, Wisconsin, and the exper-
iment was repeated in 1994. Trees were the same as those used in
our previous study (5).

Host water potential was manipulated by herbicide applications
to control competing vegetation and by supplemental water. Four
treatments were assigned at random to individua trees: no treat-
ment, herbicide to kill surrounding weeds, supplemental water,
and both weed removal by herbicide and supplemental water. In
early July of each year, the herbicide glyphosate (Monsanto, St.
Louis, MO) was applied in accordance with labdl directions within a
1.8-m radius around the experimentdl trees 3.5 weeks before branches
were inoculated. Water (67 liters per tree) was applied within a
0.9-m radius around sample trees twice per week. Watering started
in mid-July, 2 weeks before branches were inocul ated.

Six treatments were assigned at random to separate branches on
each tree. These included inoculation with one of either two A
(Al and A2) or two B (B1 and B2) morphotype single-spore iso-
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Fig. 1. Total monoterpenes measured after 4 weeks on wounded red pine
(Pinus resinosa) trees inoculated with agar plugs colonized by A and B
isolates of Sphaeropsis sapinea. Five trees were used per treatment each year.
Inoculation treatments include two A and two B isolates and both non-
wounded (N) and wounded (W) controls for each tree. In 1992, the two A
isolates and the two B isolates were combined into composite samples by

morphotype. LSD = Fisher’s least significant differences for separating th
means aP = 0.05. LSt is used for means of branch treatments across (forn

lates, a wounded control, or a nonwounded control. The isolates
were collected from red and jack (P. banksiana Lamb.) pines in
Wisconsin and Minnesota and are the same single-spore isolates
(so designated) used in our previous studies (4-7).

Branches were inoculated by procedures described previously
(7). A wound, 3 x 1.5 mm, was made by removing a needle
fascicle with a scalpel cut flush to the stem base approxi-
mately 3 cm below the shoot apex. A plug of colonized 1.5%
water agar (WA, Difco, Detroit, MI) 4 mm in diameter was placed
fungus side down on each wound. Noncolonized WA plugs were
applied to wounded controls. Parafilm (American National Can,
Chicago, IL) was wrapped around each shoot, at the inoculation
site, for 7 days.

Four weeks after inoculation, treated shoots were collected from
five randomly selected trees of each tree treatment. After needles
were removed, segments that included the stem from 1 to 7.5 cm
below the shoot apex were cut. A small amount of each segment
was removed to determine recovery success sdpinea (5). The
remainder of the shoot segments were storeeBatC for later
analyses of monoterpene and phenolic concentrations. In 1992, the
segments from a tree inoculated with isolates of the same morpho-
type were combined into a single sample. In 1994, each segment
was processed as a separate sample.

Plant material from the growth chamber. A growth chamber
experiment was conducted at the University of Wisconsin-Madi-
son Biotron. In April, dormant, 2-year-old red pine nursery seed-
lings were transplanted into Tall One Treepots (Stuewe & Sons,
Corvallis, OR), which are approximately 10 x 10 x 36 cm. A soil
mix (1:1, vol/vol) of Plainfield sand from a red pine plantation and
Fafard growing mix no. 2 (Conrad Fafard, Inkerman, New Bruns-
wick, Canada) was used. For their third growing season, seedlings
were placed in a cold-frame and allowed to harden before the
experiment was initiated. Mean stem height after the third grow-
ing season was 211#60.4 cm (standard error).

In February, seedlings were moved into a greenhouse. Atrtificial
light supplemented natural light (supplemented photon flux den-
sity averaged 118 puE'sm™) to provide a 16-h photoperiod, and
all seedlings were initially watered to field capacity every 3 days.
After 26 days, seedlings were either watered to field capacity
daily (nonstressed) or not watered at all (stressed) for the rest of
the experiment (33 days).

After 1 week under the different watering regimes, seedlings
were moved into a growth chamber. The average environmental
conditions of the growth chamber were as follows: temperature
(day 25°C, night 20°C), relative humidity (day 81%, night 95%),
light (photon flux density 790 UEsm™ with a 40-min step up
and step down of intensity on each end of a day of 20 min at 55
and 268 YUE$ m?), and a day length of 14 h. Predawn needle
water potentialsfsp) were measured every 3 days with a pressure
bomb (37) from 20 inoculated seedlings that were randomly
placed among the seedlings used for chemical analyses. Five seed-
lings per treatment combination (watering regime and isolate)
were used to determinigy.

After 2 weeks in the growth chamber, elongating shoots were
inoculated with isolates A1l and A2 as described in the field ex-
periment, except that wounds were made approximately 2 cm
below the shoot apex and shoots at the inoculation sites were
wrapped with Parafilm for 4 days. Noncolonized WA plugs
were applied to wounded controls. Five seedlings per watering
regime and isolate combination and five wounded and non-
wounded controls for each watering regime were useeaich
of two separate (separated by 2 weeks) completely randomized
trials (80 seedlings total).

Symptom severity, expressed as the distance along the stem
from the inoculation site to the farthest proximal point at which
e . .

ecrotic needles were observed, was measured at 12 days. Resin

different) tree treatments. LS® is used for means of branch treatments low from the wound (no resin off the wound site, resin less

within the same tree treatment.
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wound site) also was recorded at 12 days after inoculation. Two  tree treatment. Simple linear regression was used to analyze rela-
consecutive 6-cm-long segments (starting at the shoot apex) were  tionships between symptom severity and chemical concentra-
cut from the stem. Their needles were removed, and they were  tions. Both analyses of variance (with the general linear model
stored at —80°C for later analyses of monoterpene and phenoliprocedure) and linear regression analyses were performed with
concentrations. The first (apical) segment included the inoculatioNinitab for Windows software, release 10.2 (Minitab, State
site and, if present, the resulting symptomatic tissues. The seco@allege, PA).

segment comprised nonsymptomatic tissues. Expression of symp-Analyses of data collected for the growth chamber experiment
toms by similarly inoculated red pine shoots in earlier studiesvere similar to those described above with the following excep-
(4,7) demonstrated the presenceSofapinea, as confirmed by tions. Predawn needle water potentials and symptom severity
recovery results that gave strong positive correlations betweemere analyzed by three-factor analyses of variance with interac-
symptom expression and recovery of this pathogen. Therefore, wiens. Factors used as main effects were watering regime, inocula-
believe the use of these segments allowed comparison of cdien treatment, and trial. Concentrations of total monoterpenes and
onized and noncolonized tissues on the same hosts, which gieenoclics were analyzed by four-factor analyses of variance with
subsequently referred to as such. consecutive shoot segments as the fourth factor. Again, two LSD

Analyses of shoot segments. All frozen shoot segments were values were determined for concentration data because of the
ground in a Wiley mill with a 20-mesh screen and were agaiexperimental designs (30). L8D was used to separate means
stored at—-80°C. Monoterpene and phenolic compounds werewithin a treatment combination at different distances, andatSD
extracted by using modifications of the procedures described hyas used to separate means across treatment combinations.
Klepzig et al. (24). Compounds were first extracted for 24 h aFisher’'s exact test was used to analyze ratings of resin flow from
25°C in 10 ml of analytical-grade pentane containing 0.1% (volthe stem wounds in relation to the combined inoculation and water
vol) para-cymene (99%) (Aldrich, Milwaukee, WI) and then for treatments. The expected frequencies used vi#exeC)/N, where
24 h at 25°C in 10 ml of 50% methanol and water (vol/vol).S is the number of observations for a combined inoculation and
Extracts were filtered through Whatman no. 44 filter paper (Whatwater treatmentC is the total number of observations in the resin
man International, Maidstone, England). Pentane extracts weflow category of interest, anM is the total number of observa-
analyzed for monoterpenes, and methanol-water extracts wetiens. This test was performed with SAS software, release 6.09
analyzed for phenolic®ara-cymene was used as an internal stan{SAS Institute, Cary, NC).
dard in monoterpene detections because it is structurally similar to
the other monoterpenes and does not occur at detectable concen- RESULTS
trations in red pine.

The concentrations of the major monoterpenes of red pine werePlant material from the field. There were significant effects of
estimated by gas-liquid chromatography (GLC) and identified byree treatment otpp and of both tree treatment and branch treat-
retention times with standards obtained from Aldrich. GLC wasnent on symptom severity (5). Nontreated trees were more water
performed by using a modification of the procedures of Raffa angtressed and had more severe disease development than trees in
Steffeck (36). A gas chromatograph with a flame ionization dethe herbicide, water, or combined herbicide and water treatments.
tector (model GC-9A; Schimadzu Scientific Instruments, Columdsolates of morphotype A were more aggressive than isolates of
bia, MD) and a 25-m x 0.25-mm capillary column (no. 4839;morphotype B for all tree treatments. Also, disease was more
Alltech, Deerfield, IL) were used. Oven temperature was set aevere in 1992 than in 1994.
60°C and injector and detector temperature at 220°C; the carrierThe amounts of total monoterpene differed in response to tree
gas was helium at 30 critsvith a methane retention time of 84 s. treatment and branch treatment (Fig. 1). Concentrations of mono-
Compositions of extracts were quantified by peak integration witherpenes in shoots from nontreated (more water-stressed) trees
the Shimadzu C-R3A digital integrator and relative response twere higher than in shoots from the herbicide and water treatments
the internal standard. in both years B = 0.028 for tree treatments in 1992, ami=

Total phenolic concentrations were estimated by spectroph®.008 in 1994). Branches inoculated with isolates of morphotype
tometry (20,22). Jorgensen (19) previously showed that pinosylviA produced more monoterpenes than branches of the same tree
is the main extractable phenolic compound of red pine. The extradi®atments inoculated with isolates of morphotypePB<(0.001
(200 pl) were diluted with 2 ml of distilled water. One milliliter of
2.0 N Folin & Ciocalteu’s phenol reagent (Sigma, St. Louis, MO)
and 5 ml (?f 20% NACO; were added, and tubes Wer? Shaken'TABLE 1. Retention times and correlations of individual monoterpenes to
Absorbencies were measured at 735 nm after 20 min at 25°¢etal monoterpene in Sphaeropsis sapinea-inoculated red pine (Pinus resin-

Total phenolic concentrations (mg/g, dry weight) were calculatedsa) shoots
on the basis of standard concentrations of tannic acid (Sigmay.

Correlation coefficients®

Standards gave a consistent positive relationship with absorbance Re:_ention G
throughout the working rang® & 0.001r = 0.992). Ime ) ) rowth
Statistical analyses. For the field experiment, a split-plot model Con_”pound (min) 1992 1994 chamber
was used with a tree as a whole plot and the branches as ghé&inene 2.476 0.998 0.996 0.992
subplots. Concentrations of total monoterpenes and phenoli _Hﬁgfge gggg 8-323 8-322 8-328
were analyzed by two-factor analyses of variance with interacs 5 cyene 2010 0.789 0.652 0.627
tions. Factors used as main effects were tree treatment amfrcene 4.348 0.986 0.984 0.981
branch treatment. Concentration data were analyzed with raw datanonene 5.073 0.808 0.983 0.969
and Ink + 1) transformed data. Similar probabilities were cal-B-Phellandrene 5.236 0.976 0.972 0.958

culated and the same conclusions were made for ea.Ch., SO Eorrelations (r) are for trees inoculated with A morphotype isolates (P <
sults are reported for the nontransformed data. If significanto.001 for all comparisons).
differences P < 0.05) were found, means were separated by Total monoterpenes were measured 4 weeks after inoculation. Four treat-
Fisher’s least significant difference (LSD) Bt= 0.05. Two ments were used in the field: no treatment, herbicide to kill surrounding
LSD values were determined for concentration data because of/eeds supplemental water, and both weed removal by herbicide and sup-
the experimental designs (30). L&0Qvas used to separate means plemental water.

p g : p ¢ Total monoterpenes were measured 12 days after inoculation. Seedlings
for bl’anch treatments across tree treatments, andNtS\BS were either watered to field Capac|ty da||y (nons[ressed) or not watered at
used to separate means for branch treatments within the samal (stressed).
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for isolates in both years). The interaction between tree treatment
and branch treatment was significant (P < 0.001 in 1992, and P =
0.012 in 1994), indicating that A and B isolates caused different
responses depending on the tree treatment. Differences in mono-
terpene concentrations among tree treatments were significant
only for isolates of morphotype A, on the basis of LSD. Mono-
terpene concentrations in branches inoculated with isolates of
morphotype A were positively correlated with symptom severity
(P < 0.001 for both years; r = 0.831 in 1992, and r = 0.913 in
1994), but correlations were not significant for branches inocu-
lated with isolates of morphotype B.

Although colonization by S. sapinea resulted in an increase in
the total concentration of monoterpenes, it did not change their
relative amounts. The concentrations of individual monoterpenes
were highly correlated with total monoterpene in both years (P <
0.001 for al comparisons) (Table 1), indicating little change in
monoterpene composition. &-3-Carene was more variable than
the other monoterpenes, but the correlation was still significant at
P < 0.001.

Nine monoterpenes were detected in shoot segments. The con-
centrations of the most common monoterpenes extracted are sum-
marized for nontreated trees (Table 2). Terpinolene and sabinene
were occasionally detected in trace amounts (data not shown),
mainly in nontreated trees inoculated with A isolates in 1992 and
only inthese treesin 1994.

There were no tree treatment or branch treatment effects on the
concentrations of total phenolics extracted from trees (P = 0.889
in 1992 and P = 0.750 in 1994 for tree treatment; P = 0.071 in
1992 and P = 0.472in 1994 for branch treatment). For nonwounded

controls, the mean concentrations of total phenolics were 7.66

0.50 mg/g (dry weight) in 1992 and 7.65 + 0.48 mg/g in 1994.
Plant material from the growth chamber. The different water-

Watering regime influenced the amount of resin flow from the
site of inoculation (Table 3). Inoculated, nonstressed seedlings
produced more resin from wounds than stressed seedlings. The
flow of resins beyond the wound was rarely observed for control
seedlings of either watering regime.

Inoculated seedlings that were water stressed developed ne-
crotic needles at greater distances below the inoculation site than
nonstressed seedlings (2.5 + 0.3 cm on stressed seedlings and 0.9
+ 0.2 cm on nonstressed seedlings for both isolates). Three-factor
analysis of variance of symptom severity after 12 days indicated
effects of watering regimeP(< 0.001) and inoculation treatment
(P < 0.001) but not of trialR = 0.084). The interaction between
inoculation treatment and watering regime was significBnk (
0.001), suggesting that isolates responded differently to different
watering regimes.

Total monoterpene concentrations varied in response to inocu-
lation treatment, shoot segment, and interaction between inocula-
tion treatment with shoot segmeRt< 0.001 for all comparisons).
Monoterpene concentrations were higher in inoculated shoots than
in control shoots and were higher in inoculated shoots closer to
the site of inoculation (Fig. 2). Tests for effects of watering regime
(P = 0.780), trial P = 0.383), interaction of watering regime with
inoculation treatmentR = 0.828), and interaction of shoot seg-
ments with watering regimeP(= 0.858) were not significant.
Monoterpene concentrations in inoculated shoots were positively
correlated with symptom severitf? € 0.001;r = 0.654). Shoots
of control seedlings from the growth chamber had total monoter-
pene concentrations similar to those of control shoots from the
plantation.

+ Colonization byS. sapinea resulted in an increase in the total
concentration of monoterpenes but did not change their relative
amounts. As in the field experiment, the concentrations of individ-

ing regimes resulted in differences ynyp. Differences between ual monoterpenes were highly correlated with total monoterpene
stressed and nonstressed seedlings were significant for all dayB, < 0.001 for all comparisons) (Table 1), indicating that little

except the first reading of trial two. The medg, values (all
days) for trials one and two, respectively, we@e82 + 0.07 MPa
and -0.97 + 0.13 MPa for stressed seedlings afdi7 + 0.01

change in monoterpene composition occurdeg-Carene was the
most variable of the monoterpenes, yet the correlation was signifi-
cant atP < 0.001.

MPa and-0.48 + 0.01 MPa for nonstressed seedlings. The lowest The same nine monoterpenes detected in the field experiment
meanyipp values (last day of experiment) for stressed seedlingaere detected in this experiment. The concentrations of the most

were-1.13 + 0.18 MPa for trial one an€dl.54 + 0.24 MPa for
trial two.

common monoterpenes extracted are summarized for all seedlings
(Table 2). Trace amounts of terpinolene and sabinene were also

TABLE 2. Composition (mg/g dry weight + standard error) of the monoter-TABLE 3. Number of observatiodsn three resin flow categoriegor red

penes of red pinéP{nus resinosa) shoots

pine Pinus resinosa) seedlings inoculated with the A morphotypeSphaer-
opsis sapinea and either water stressed or well watered

Control
Compound Aisolates B isolates Nonwounded Wounded Inoculation Resin flow categories
1992 Watering regime treatment Low Moderate High P9
a-Pinene 72.14+12.01 13.38+4.26 7.56+0.98 8.47 +0.48 Nonstressed Al 1 % 5
-Pinene .04 £1. A1 0. .96 £ 0. .78 £0. 7
Pi 18.04+157 4.11+x097 196+035 2.78+0.28 A2 1 2 7
d-3-Carene 432+1.70 057+0.20 0.38+0.15 0.38+0.11 Wounded control 7 3 0
TotaP 98.09 + 14.60 18.95 +5.52 10.53+0.94 12.33+0.36 Stressed Al 7 2 1
1994 A2 6 4 0
a-Pinene 4564+999 7.07+149 6.45+060 7.07+0.84 Wounded control 8 2 0 <0.001
g:g-lg?o\?gne 1?_(158 :_r_ igg :CS)ZSLg f_ g??_ %Bg :_r_ ggé g?& f_ (())Sﬁ 2 Values are the total number of seedlings from two growth chamber trials each
TotaP 63 é3 +_13.71 11 4.10 +9 .28 9 '95 1 ;12 11 ég 1 '13 having five seedlings per treatment. Young shoots were inoculated by
Growth chamber o o e e placing colonized agar plugs on wounds made by removing needle fascicles.
a-Pinene 3991 +3.77 10.23+ 055 10.61 + 053 b Resin flow from the wound was visually estimated 12 days after inocu-
B-Pinene 8.20 + 0'90 1.64 _:0'21 1 '77 ;0 '10 lation and ranked as low (no resin off the wound), moderate (resin less than
5-3-Carene 2' 10 + 0' a1 0' 28 + O. 06 O' 38 + 0' 05 3 mm from the wound), or high (resin 3 mm or more from the wound).
TotaP 44.61 + 4.99 13.00 + 0.73 13.64 + 0.66 ¢ Seedlings were either watered daily (nonstressed) or never watered (stressed).

d Probability that there is no difference among resin flow categories, based
a Monoterpenes were measured 4 weeks after inoculation. Results are foon Fisher's exact test.
trees with no tree treatment. ¢ Underlined numbers indicate observed frequencies higher than expected,
b Total includes, from most to least commanpinene B-pinene,3-3-carene, although they may not indicate significant differences. The expected fre-
B-phellandrene, myrcene, limonene, and camphene. guencies used wer& & C)/N, whereS is the number of observations for a
¢ Monoterpenes were measured 12 days after inoculation. Seedlings wereombined inoculation and water treatmedtis the total number of obser-
either watered to field capacity daily (nonstressed) or not watered at allvations in the resin flow category of interest, &his the total number of
(stressed). Results are the combined means for both watering regimes. observations.
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detected but only occasionally in seedlings inoculated with A iso-
lates (data not shown).

Inoculated seedlings produced higher concentrations of pheno-
lics near the inoculation sites (Fig. 3). Differences in concentra-
tions of total phenolics extracted from shoots were significant for
inoculation treatment (P = 0.011) and shoot segments (P = 0.001)
but not for watering regime (P = 0.329). For nonwounded con-

The reduced resin flow from wound sites on water-stressed
seedlings compared with that on nonstressed seedlings in this
study is consistent with a general response of conifers to water
stress. This has been noted previously for other species of
Pinus and for species oAbies and Pseudotsuga (13). If resin
or its components have physical or chemical roles in restricting
colonization by pathogens, effects might be limited in trees in

trols, the mean concentrations of total phenolics were 9.61 + 0.80hich water stress restricts resin production, accumulation, or
mg/g (dry weight) in the 6-cm segment closer to the shoot apexansport.

and 7.01 + 0.71 mg/g in the 6-cm segment farther from the shoot Mechanical damage has been reported to result in increased
apex. Shoots of control seedlings from the growth chamber hambncentrations of monoterpenes (24) and phenolics (19,27) around
total phenolic concentrations similar to those of control shootsvounds. In our study, however, wounding alone did not affect

from the plantation.

DISCUSSION

concentrations of monoterpenes and phenolics. Our inoculation
method was intended to provide a uniform wound that exposed
(by cutting through a leaf trace) the xylem and phloentSto
sapinea while producing relatively little damage to the stem. The

The complex chemistry of coniferous trees has long been recogelatively mild wounding procedure used in these experiments,
nized. Some chemicals, including monoterpenes and phenoliospmpared with that used in previous studies, may explain our
are present in relatively high concentrations, accumulate in reesults. Care should be taken, therefore, in generalizing about
sponse to wounding and pathogen invasion, and can have staticvasunding as a stimulus for elevation of monoterpene and phenolic
toxic effects in vitro. These facts have led to speculation that thes®ncentrations.

chemicals are involved in the restriction of pathogen infection and Water stress also has been reported to cause increases in total
colonization of hosts. Although these chemicals may be involvethonoterpene concentration and changes in relative monoterpene
in the restriction of pathogens, results of our studies revealed rmmmposition. These effects have been noted for needles of Norway
evidence linking either concentration or composition of monoterspruce Picea abies (L.) H. Karst.) (21), for xylem oleoresin of
penes or concentration of phenolics with host resistance to theblolly pine Pinus taeda L.) (18), and for other conifers (13). In
more varietal A morphotype isolates 8f sapinea on drought-  contrast, our study did not reveal any effects of water stress on

stressed red pines. The relatively high concentrations of moneronoterpene concentration or composition in uninoculated tissue.
terpenes measured and the fact that water-stressed trees wé&he lack of significant effects might be the result of the realistic

more severely colonized than nonstressed trees do not suppbtit relatively moderate levels of water stress used in our experi-
the hypothesis that these chemicals restrict pathogen colonizements. The lack of a significant effect on phenolic concentrations

tion of drought-stressed red pines by isolatesSokapinea
morphotype A.
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Fig. 2. Total monoterpenes measured 12 days after inoculation. Growth
chamber-grown red pine (Pinus resinosa) seedlings were nonwounded (N) or
wounded (W) and inoculated with sterile agar plugs or with plugs colonized
by two Sphaeropsis sapinea isolates. Results of different watering regimes
were combined because no differences were observed for watering regime
(P = 0.329). Shoot segments were analyzed at two distances from the apex.
Values are combined means of two separate trials with 10 seedlings per

o

in our experiments, however, is consistent with previous studies
(13), which failed to demonstrate any definite trend in the rela-

14} 7] Apex to 6 cm
[]6-12cm
12 LSDwt= 3.8
LSDat = 3.5
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Fig. 3. Total phenolic compounds measured 12 days after inoculation.
Growth chamber-grown red pinéPifus resinosa) seedlings were non-
wounded (N) or wounded (W) and inoculated with sterile agar plugs or
with plugs colonized by tw&phaeropsis sapinea isolates. Seedlings were
either watered daily (nonstressed) or not at all (stressed). Shoot segments
were analyzed at two distances from the apex. Values are combined means
of two separate trials with five seedlings per treatment combination in

treatment in each trial. LSD = Fisher's least significant differences foeach trial. LSD = Fisher’s least significant differences for separating the

separating the means Rt= 0.05. LSIv is used for means within a treat-
ment combination at different distances from the inoculation site.at 8D

used for means across treatment combinations.

means atP = 0.05. LSDwvt is used for means within a treatment com-
bination at different distances. L&Dis used for means across treatment
combinations.
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tionship between water stress and concentrations of these com-
pounds.

Although water stress did not affect the concentration of mono-
terpenes or phenolics in red pine shoots in uninoculated tissue,
stress did affect the concentration of monoterpenes if S. sapinea
isolates of morphotype A were present. Inoculation with isolates
of morphotype B resulted in little or no symptom expression and
no changes in monoterpene concentration. Several different results,
however, indicate that the enhancement of monoterpene and pheno-
lic concentrations is the result of interaction with the more aggres-
sive A isolates. Monoterpene concentrations in shoots inocul ated
with isolates of morphotype A were higher than those in control
shoots in both experiments. In the growth chamber experiment,
monoterpene concentrations in the shoot segments that included
the inoculation sites (colonized tissues) were higher than in seg-
ments farther from the inoculation sites (noncolonized tissues). In
the segments farther from the inoculation sites, monoterpene
concentrations were similar to those in control shoots. Similarly,
phenolic concentration in the shoot segments closer to the inocu-
lation sites was higher than in those segments farther from the
inoculation sites for the nonstressed seedlings. Finally, al-
though direct comparison of results from inoculation with iso-
lates of morphotype A in the two experiments is not possible,
trees in the field (which were challenged for a longer period
and had greater lengths of shoots colonized by the pathogen)
yielded greater concentrations of monoterpenes than seedlings in
the growth chamber.

Our results do not support the idea that monoterpenes and
phenolics are involved in a water potential-dependent restriction
of red pine colonization by aggressive isolates of S. sapinea. Their
concentrations were not responsive to water potential in the ab-
sence of the pathogen, and high concentrations of these com-
pounds were not associated with restriction of the A isolates.
Tolerance levels of decay and stain fungi to these chemicals, how-
ever, have been shown to vary among species (10,17). Similarly,
although both monoterpenes (6,9) and a phenolic (6) inhibit spore
germination and mycelial growth of S sapinea in vitro, responses
vary by morphotype. Isolates of the B morphotype are more
sengitive than those of the A morphotype (6). The relative ability
of A isolates to tolerate these compounds might help to explain
differences in aggressiveness between isolates of the S sapinea
morphotypes.
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