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Abstract
The dissipation of absorbed light and potential for
photooxidative damage was explored in Douglas-fir
(Pseudotsuga menziesii ) seedlings with and without
Phaeocryptopus gaeumannii infection. The presence of
P. gaeumannii significantly reduced net CO2 assimil-
ation rates from ca. 6 lmol/m2/s to 1.5 lmol/m2/s,
without any significant impact on chloroplast pigments.
The partitioning of absorbed light-energy to photo-
chemistry or thermal dissipation was determined from
chlorophyll fluorescence measurements. Maximum ther-
mal dissipation for both control and infected needles
was ca. 80%, consistent with the similar xanthophyll
pool sizes in the two treatments. At high photosynthetic
photon flux density (PPFD), when thermal dissipation
was maximized, the lower photochemical utilization in
infected needles resulted in greater amounts of excess
absorbed light (ca. 20 and 10% for the infected and
control needles, respectively). A second experiment,
monitoring changes in photosystem II (PSII) efficiency
(Fv=Fm) in response to a 1 h high light treatment
(PPFD ¼ 2000 lmol/m2/s) also suggests that infected
needles absorb greater amounts of excess light. In this
experiment, declines in Fv=Fm were 1.5 times greater in
infected needles, despite the similar xanthophyll pool
sizes. Furthermore, increases in minimum fluorescence
(178 and 122% of initial values for the infected and
control needles, respectively) suggest that the reduction
in PSII efficiency is largely attributable to photooxidative
damage. Finally, reductions in PSII efficiency under
high light conditions provide a plausible explanation
for the greater pathogenicity (e.g. premature needle
abscission) of P. gaeumannii in sun-exposed foliage.

Introduction
In healthy plants light absorption may exceed photo-
synthetic utilization resulting in an excess of absorbed

light (Demmig-Adams and Adams, 1996; Demmig-
Adams et al., 1996), which unless thermally dissipated
can lead to photooxidative damage. Thermal dissipa-
tion results in a reduced efficiency of PSII reaction
centres, i.e. reduction in Fv=Fm, of which, a major
component is related to the presence of the de-epoxi-
dized xanthophyll pigments (zeaxanthin and anthera-
xanthin, Z and A). The exact mechanism of Z and
A energy dissipation from PSII centers is unclear
(cf. Demmig-Adams and Adams, 1992; Horton and
Ruban, 1992); however, a close correlation between
thermal dissipation and the levels of Z and A has been
reported for several plant species (Demmig-Adams and
Adams, 1996). Furthermore, the maximum thermal
dissipation capacity has an upper limitation based on
the size of the xanthophyll pool [i.e. xanthophylls per
unit chlorophyll (Chl), Demmig-Adams and Adams,
1994].
At high light, when thermal dissipation may be max-

imized (Demmig-Adams and Adams, 1996), any reduc-
tion in photochemical quenching – without a
corresponding decline in total light absorption – will
result in greater amounts of excess absorbed light. One
situation where this may occur is at low temperatures,
as the Calvin cycle is reduced to a greater extent than
electron transport (Baker, 1994). Higher antioxidant
pools during winter (Logan et al., 1998) suggest the
presence of photooxidative conditions (triplet exited
Chl, singlet oxygen formation, etc.) at low tempera-
tures; however, because of an increased thermal dissi-
pation capacity, photooxidation is less than expected
based on summer measurements. For example, the size
of the xanthophyll pool increases during winter due to
both an increase in xanthophylls and a decline in chlo-
rophyll (Ottander et al., 1995; Logan et al., 1998).
The alteration of needle physiology by pathogenic

fungi may represent another scenario where the total
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dissipation of absorbed light-energy by thermal dissi-
pation and photochemical quenching is reduced,
resulting in greater quantities of excess absorbed light
and photooxidative conditions. For example, the
biotrophic foliar pathogen of Douglas-fir [Psuedotsuga
menziesii (Mirb.) Franco], Phaeocryptopus gaeumannii
(Rhode) Petrak, causes a significant decline in photo-
synthetic rates by an apparent occlusion of needle
stomata (i.e. fungal fruiting bodies emerge from
stomatal cavities reducing gas exchange) without any
apparent changes in intrinsic PSII efficiency (Manter
et al., 2000). Assuming that light absorption and
thermal dissipation capacity are unchanged, this
decline in photosynthesis (i.e. photochemical quench-
ing) would result in excess absorbed light and poten-
tial photooxidative damage in infected needles. The
presence of photooxidative damage in P. gaeumannii-
infected needles is unknown; however, symptom
development (i.e. needle abscission) is exacerbated in
sun-exposed foliage (Manter, 2001), or the conditions
were the balance between light absorption and dissi-
pation may be most critical, suggesting that photooxi-
dation may influence P. gaeumannii pathogenicity and
symptom development.
The purpose of this study was to determine if pho-

tooxidative damage occurs in P. gaeumannii-infected
Douglas-fir needles. The three primary objectives were
to (i) determine the relative rates of photochemical
and thermal dissipation, (ii) quantify the chloroplast
pigments and (iii) determine changes in PSII efficiency
under high light exposures in seedlings with and with-
out P. gaeumannii infection.

Materials and Methods
Plant material

All plant material consisted of potted 2-year-old
Douglas-fir (P. menziesii ) seedlings (open-pollinated
Oregon north-coast seed source, Starker Forests, Cor-
vallis, OR, USA) with (infected) and without (con-
trol) P. gaeumannii infection. Infected seedlings were
inoculated by placing seedlings under the canopy of a
heavily P. gaeumannii-infected Douglas-fir plantation
(Salal plot, Hansen et al., 2000) for 4 weeks in June
2001. Except during the inoculation period, all seed-
lings were stored in a cold frame at the Oregon State
University Botany Farm (Corvallis, OR, USA), ferti-
lized with Osmocote Pro 18-8-8 (Scotts-Sierra Horti-
cultural Products Co., Marysville, OH, USA) and
irrigated as needed. All subsequent measurements
were conducted on current-year needles in February
2002.

Disease assessments

The colonization of P. gaeumannii is reported as the
per cent of needle stomata with visible fruiting bodies
(pseudothecia density), based on the procedure out-
lined in Manter et al. (2000). Pseudothecia density was
quantified from 10-needle samples from randomly
selected seedlings and reported values are the average
of six control and six infected seedlings.

Pigment analysis

Ten needles were removed from randomly selected
infected and control seedlings (three per treatment) at
predawn, and immediately frozen in 2 ml micro-centri-
fuge tubes immersed in liquid nitrogen, where they
were stored until extraction. Pigments were extracted
by homogenizing (2 min at 4200 rpm ) frozen needles
with a mini-bead beater (Biospec Products, Bartles-
ville, OK, USA). After homogenization, samples were
suspended in 1 ml 85% acetone, incubated on ice for
15 min, centrifuged at 12000 �g for 5 min and the
supernatant decanted. This procedure was repeated a
second time, and the combined supernatants were fil-
tered (0.45 lm filter) and stored at 40�C until HPLC
analysis. Quantification of pigments by HPLC fol-
lowed the conditions outlined in Thayer and Björkamn
(1990). All pigments [chlorophyll (Chl), violaxanthin
(V), antheraxanthin (A), zeaxanthin (Z), neoxanthin
(Neo), lutein (Lut) and b-carotene (b-car)] are reported
per unit needle DW using the conversion factors of
Thayer and Björkman (1990) and dry weights deter-
mined from an adjacent 10-needle sample, dried at
70�C for 72 h.

Gas exchange and fluorescence measurements

Gas exchange and chlorophyll fluorescence of attached
needles were measured using a LiCor 6400 (LiCor
Inc., Lincoln, NE, USA) on randomly selected infected
and control seedlings (six per treatment). Following an
overnight dark-adaptation period, the intrinsic PSII
efficiency in the absence of thermal dissipation (Fv=Fm
@ PPFD ¼ 0 lmol/m2/s) was measured for each
selected seedling. In addition, gas exchange and fluor-
escence light response curves (PPFD ¼ 20, 50, 100,
200, 500, 750, 1000, 1500 and 2000 lmol/m2/s) were
measured, with a 15 min equilibration period at each
set point.
Chlorophyll fluorescence parameters measured inclu-

ded maximum (Fm) and minimum (Fo) fluorescence of
dark-adapted needles; and steady-state (Fs), maximum
(F 0

m) and minimum (F 0
o) fluorescence of light-exposed

needles. The efficiency of open PSII centres for dark
(Fv=Fm) and light-adapted (F 0

v=F
0
m) needles, and the

potential rate of electron transport (ETR or 0.83 � PPFD Æ
F 0
v=F

0
m � qP) were computed based on the equations of

Gentry et al. (1989), where Fv is Fm � Fo, F
0
v is F 0

m�
F 0
o, and qP is (F 0

m � FsÞ=ðF 0
m � F 0

o). The fraction of
light absorbed by PSII centers that is thermally dissipa-
ted [D or 1� ðF 0

v=F
0
mÞ], utilized by photochemistry (P

or F 0
v=F

0
m � qP) or potentially going into singlet oxygen

formation [O or 1� ðDþ P)] was based on the equa-
tions of Demmig-Adams et al. (1996) and the potential
rate of singlet oxygen formation was calculated as
0.83 � PPFD � O. The 0.83 coefficient for the ETR and
O calculations corrects for light absorbency of a typical
C3 plant (as suggested in Harley et al., 1992).
The response of the ratio of variable to maximum

fluorescence (Fv=Fm) to a high light treatment was also
determined on a second random sample of six control
and six infected seedlings. Following an overnight
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dark-adaptation period, seedlings were exposed to a
high light treatment (2000 lmol/m2/s for 1 h followed
by a recovery period of 100 lmol/m2/s for 3 h). To
prevent excessive heat build-up, seedlings were cooled
with two conventional box fans. On each seedling,
sample branches exposed to the target PPFD levels
(
5%) were selected and tagged. At each time point,
Fv=Fm was measured by removing three needles from
each tagged branch, affixing them to index cards
(abaxial side facing-up), dark-adapting for 10 min
under a black cloth, and then recording chlorophyll
fluorescence.

Statistical analysis

Data were analysed with the statistical package Stat-
graphics Plus 5.0 (Statistical Graphics Corp., Rock-
ville, MD, USA). Treatment differences associated
with the parameters shown in Table 1 were tested by
anova on untransformed data. Regression analysis
was used to estimate the linear relationship shown in
Fig. 2. Gas exchange and fluorescence light-response
curves were measured using a total of six seedlings (i.e.
each exposed to the range of PPFD levels stated

above) and graphical points represent the arithmetic
mean and individual standard error.

Results
Inoculated seedlings had significantly higher levels of
P. gaeumannii colonization than control needles
(30.0 
 2.7 and 0.0%, respectively), but similar levels
of predawn PSII efficiency or Fv=Fm and chloroplast
pigments (Table 1). Despite the insignificant changes
in Fv=Fm and chlorophyll content, the presence of
P. gaeumannii resulted in approximately a three-fold
reduction in net CO2 assimilation (Anet, Fig. 1). Simul-
taneous measurements of chlorophyll fluorescence and
gas exchange showed a single linear relationship
between ETR and Anet for both control and infected
needles (Fig. 2), which was similar to that observed for
other C3 species (e.g. Cheng, 1999).
The fraction of absorbed light going into thermal

dissipation (D), photochemistry (P) and potential sin-
gle oxygen formation (O) is shown in Fig. 3. Because
of the lower photosynthetic rates in the diseased seed-
lings, a smaller fraction of absorbed light was neces-
sary to support photosynthesis in diseased needles. For

Table 1
Presence of Phaeocryptopus gaeumannii (PD or pseudothecia density), intrinsic PSII efficiency in the absence of thermal dissipation (Fv=Fm),
chlorophyll (lmol/g1 DW) and xanthophyll pigments (nmol/g1 DW) concentrations in current-year-old needles from seedlings with and with-
out P. gaeumannii infection. Reported values are the arithmetic mean and individual standard error (n ¼ 3). Means with different letters are
significantly different (anova, p<0.05).

TRT PD (%) Fv=Fm Chl V+A+Z Neo Lut b-Car

Control 0.0 (0.0)a 0.803 (0.007)a 2.86 (0.17)a 485.2 (49.2)a 139.2 (11.9)a 753.2 (65.3)a 691.2 (78.2)a

Infected 30.3 (2.7)b 0.796 (0.006)a 2.79 (0.13)a 511.9 (51.2)a 132.3 (12.2)a 722.1 (57.1)a 682.9 (74.8)a
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Fig. 1 Response of net CO2 assimilation (Anet) to increasing irradi-
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ard error for six seedlings
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Fig. 2 Relationship between net CO2 assimilation (Anet) and electron
transport rate (ETR). Each observation is the arithmetic mean and
individual standard error for six seedlings
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example, at a PPFD value of 500 lmol/m2/s, ca. 15
and 45% of the absorbed light was utilized for photo-
chemistry for the infected and control needles, respect-
ively. For both infected and control needles, the
proportion of light thermally dissipated increased with
increasing irradiance, approaching a maximum near
80%; however, the infected needles reached maximum
thermal dissipation at a much lower light intensity (ca.
500 vs. 2000 lmol/m2/s). Because of the apparent limit
on thermal dissipation and reduced photochemical
quenching, greater amounts of excess light energy were
absorbed by infected foliage. Figure 4 shows the
potential rate of singlet oxygen formation, and at the
highest PPFD level infected foliage had rates approxi-
mately 1.5 times that of control foliage.
The recovery of available open PSII centres, upon

transfer from a high- to a low-light environment, was
assessed for both infected and control needles. For all
needles, a logarithmic response in the rate of change in

Fv=Fm was observed during both the light and recov-
ery treatments (Fig. 5). After 1 h, the number of open
PSII centres declined from 80 to 60 and 50% for the
control and infected needles, respectively. The recovery
rates were similar for both infected and control nee-
dles; however, the control needles had fully recovered
by the end of the 3-h period, whereas the infected nee-
dles had only recovered to 70%.

Discussion
Infection by the foliar pathogen of Douglas-fir,
P. gaeumannii, results in a significant reduction in
Anet. In the current study, when fungal colonization
levels reached 30% pseudothecia density, a common
level of colonization in Douglas-fir forest plantations
in the Oregon Coast Range (Hansen et al., 2000,
Manter, 2001) Anet was reduced three-fold without any
significant impact on chlorophyll content. Although
chlorosis (needle yellowing) is a common symptom in
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P. gaeumannii-infected foliage (Hansen et al., 2000;
Manter 2001), it is not a requirement for significant
declines in Anet. Furthermore, the secondary nature
of needle chlorosis is supported by a several month
time-lag between fungal colonization and the onset of
needle chlorosis (Manter, 2001).
The use of chlorophyll fluorescence to estimate

rates of light dissipation depends upon light absorp-
tion. In healthy C3 plants, foliage typically absorbs
ca. 83%, of incident light (as suggested in Harley
et al., 1992). However, many foliar diseases reduce
light absorption by either a reduction in chlorophyll
content or fungal hyphae on needle surfaces blocking
light penetration (Wood et al., 1988; Coghlan and
Walters, 1992; Scholes and Rolfe, 1996). While light
absorption was not directly measured in this study, it
appears that light absorption was not influenced by
P. gaeumannii infection, because similar chlorophyll
contents and a linear relationship between calculated
ETR and Anet were observed for both control and
infected foliage.
Chlorophyll fluorescence was used to estimate the

proportion of light-energy partitioned to D, P and O.
The apparent maximum of D, and lower rates of P,
resulted in a greater amount of excess light energy
absorbed by infected needles. At the highest light
intensity, O was approximately 1.5 times greater in
infected needles. A mechanistic basis for reduced
photosynthetic rates in P. gaeumannii-infected needles
has previously been reported (Manter et al., 2000),
and appears to be associated with the physical occlu-
sion of stomata and needle gas exchange. D was
calculated based on the suggestion of Demmig-Adams
et al. (1996), not the parameters qN or NPQ, as
long-term depression of Fm may lead to an underesti-
mation of D. For both infected and control needles,
D reached a maximum of approximately 80%,
although the earlier induction of D in infected nee-
dles resulted in maximal D at a much lower light
intensity, 500 and 2000 lmol/m2/s for the infected
and control needles, respectively. Previous studies of
the role of the xanthophyll cycle in D may explain
the faster induction and similar maximum levels of D
in control and infected needles.
In previous studies it has been shown that D is

strongly correlated with the amount of Z and A pre-
sent in the xanthophyll pool (e.g. Verhoeven et al.,
1996), which is dependent upon a low pH in the thy-
lakoid lumen. The pH optimum of violaxanthin
de-epoxidase, the enzyme controlling conversion of V
to Z and A, is approximately 5.0 (Yamamoto, 1979).
The earlier induction of D in infected needles is consis-
tent with this mechanism, i.e. the lower photosynthetic
rates of infected needles should result in a lower
thylakoid lumen pH and greater de-epoxidation of
V. Similarly, maximum D is related to the size of the
xanthophyll pool relative to chlorophyll content
(Adams and Demmig-Adams, 1994; Demmig-Adams
and Adams, 1994). Thus, the similar maximum rates of
D are expected, as no differences in either xanthophyll

or chlorophyll contents were detected in P. gaeumannii-
infected seedlings. In other studies, xanthophyll
contents have been reported to increase under pho-
tooxidative conditions, e.g. a four-fold increase in the
xanthophyll pool has been reported in Douglas-fir dur-
ing winter (Adams and Demmig-Adams, 1994).
Although an increase in xanthophyll pools may be
possible under some conditions, the current study sug-
gests that xanthophyll pools were already at their
maximum levels in control needles and could not be
increased in infected needles.
In order to determine if the excess absorbed photons

result in photooxidative damage to open PSII centres,
changes in Fv=Fm were measured during acclimation
and recovery from a high light treatment. Sustained
reductions in Fv=Fm have variously been attributed to
photooxidative damage to PSII centres (e.g. Franklin
et al., 1992) and/or sustained de-epoxidized V, partic-
ularly at low temperatures (e.g. Adams and Demmig-
Adams, 1995). In the current study, the decline in
Fv=Fm during the high light treatment is best explained
by photooxidative damage, as no differences in xan-
thophyll pool sizes were detected in study 1; the Fv=Fm
decline in infected needles was 1.5 times greater than
controls, or approximately equal to the estimate of
potential singlet oxygen formation; measurements were
conducted at temperatures of ca. 22C; and Fo values
at the end of the 1 h treatment period were signifi-
cantly higher in infected needles (Fo values were
178 
 14 and 122 
 12% of Fo values at time zero for
the infected and control seedlings, respectively), indica-
ting damage to the D1 protein of PSII (e.g. Franklin
et al. 1992). Furthermore, if the recovery of Fv=Fm
was associated with the pH dependent removal of
de-epoxidized V, and not PSII damage, then different
rates of recovery would be expected as the P. gaeu-
mannii-infected needles had significantly lower photo-
synthetic rates. Instead the similar rates of recovery
are more likely due to similar rates of de novo synthe-
sis of D1 protein and repair of damaged PSII reaction
centers. Finally, because of the greater damage levels
in infected needles, and similar rates of recovery, the
number of functional PSII centres at the end of the
3-h recovery period remained significantly reduced in
the infected needles.
This study shows that photooxidative damage

appears to occur in Douglas-fir needles exposed to
high light and is higher in needles infected with the
fungal pathogen, P. gaeumannii. For example, maxi-
mum Anet was observed at a moderate light intensity
(PPFD ¼ 750 lmol/m2/s) but declined by 10 and 34%
at a high light intensity (PPFD ¼ 2000 lmol/m2/s) for
the control and infected needles, respectively. For both
treatments, V-associated dissipation increases with
increasing light exposure reaching a threshold near
80%; however, because of the lower photosynthetic
quenching in infected needles, increasing amounts of
photooxidative conditions result.
The previous observation that sun-exposure

exacerbates physiological impact of P. gaeumannii is
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consistent with the results of this study. Direct obser-
vation showed that Anet was maximized at moderate
light intensities and declined as light intensity and pho-
tooxidative conditions increased. Upon return to a low
light intensity, PSII efficiency in damaged needles can
recover and return to predamage levels. The recovery
is best explained by the de novo synthesis of D1 pro-
tein. Therefore, the combined effects of reduced PSII
efficiency and the respiratory costs of PSII repair
appear to influence P. gaeumannii pathogenicity and
needle function and longevity.

References

Adams, W. W. III, B. Demmig-Adams (1994): Carotenoid composi-
tion and down regulation of photosystem II in three conifer spe-
cies during the winter. Physiol. Plant. 92, 451–458.

Adams, W. W. III, B. Demmig-Adams (1995): The xanthophyll
cycle and sustained thermal energy dissipation in Vinca minor and
Euonymus kiautschovicus in winter. Plant Cell Environ. 18,

117–127.
Baker, N. R. (1994): Chilling stress and photosynthesis. In: Foyer,
C. H., P. M. Mullineaux (eds), Causes of Photooxidative Stress
and Amelioration of Defense Systems in Plants, pp. 127–154.
CRC Press, Boca Raton.

Cheng, L. (1999): Photosynthesis in Relation to Nitrogen in Apple
(Malus domestica Borkh.) Leaves. Ph.D. Dissertation, Oregon
State University, Corvallis, OR, USA.

Coghlan, S. E., D. R. Walters (1992): Photosynthesis in green-islands
on powdery mildew-infected barley leaves. Physiol. Mol. Plant
Pathol. 40, 31–38.

Demmig-Adams, B., W. W. Adams III (1992): Photoprotection and
other responses of plants to high light stress. Ann. Rev. Plant
Physiol. Plant Mol. Biol. 43, 599–626.

Demmig-Adams, B., W. W. Adams III (1994): Capacity for energy
dissipation in the pigment bed in leaves with different xanthophyll
cycle pools. Aus. J. Plant Physiol. 21, 575–588.

Demmig-Adams, B., W. W. Adams III (1996): Xanthophyll cycle
and light stress in nature: uniform response to excess direct sun-
light among higher plant species. Planta 198, 460–470.

Demmig-Adams, B., W. W. Adams III, D. H. Barker, B. A. Logan,
A. S. Verhoeven, D. R. Bowling (1996): Using chlorophyll fluores-
cence to assess the fraction of absorbed light allocated to thermal
dissipation of excess excitation. Physiol. Plant. 98, 253–264.

Franklin, L. A., G. Levavasseur, C. B. Osmond, W. J. Henley, J.
Ramus (1992): Two components of onset and recovery during
photoinhibition of Ulva rotunda. Planta 186, 399–408.

Gentry, B., J.-M. Brintais, N. R. Baker (1989): The relationship be-
tween the quantum yield of photosynthetic electron transport and
quenching of chlorophyll fluorescence. Biochim. Biophys. Acta
990, 87–92.

Hansen, E. M., J. K. Stone, B. R. Capitano, P. Rosso, W. Sutton,
L. Winton, A. Kanaskie, M. G. McWilliams (2000): Incidence and
impact of Swiss needle cast in forest plantations of Douglas-fir in
coastal Oregon. Plant Dis. 84, 773–778.

Harley, P. C., R. B. Thomas, J. F. Reynolds, B. R. Strain (1992):
Modelling photosynthesis of cotton grown in elevated CO2. Plant
Cell Environ. 15, 271–282.

Horton, P., A. V. Ruban (1992): Regulation of photosystem II. Pho-
tosynth. Res. 34, 375–385.

Logan, B. A., S. C. Grace, W. W. Adams III, B. Demmig-Adams
(1998): Seasonal differences in xanthophyll cycle characteristics
and antioxidants in Mahonia repens growing in different light envi-
ronments. Oecologia 116, 9–17.

Manter, D. K. (2001): Physiological Impacts of Swiss Needle Cast
on Douglas-fir. PhD dissertation. Oregon State University, Corval-
lis, OR, USA.

Manter, D. K., B. J. Bond, K. L. Kavanagh, P. H. Rosso, G. M.
Filip (2000): Pseudothecia of Swiss needle cast fungus, Phaeocryp-
topus gaeumannii, physically block stomata of Douglas-fir, redu-
cing CO2 assimilation. New Phytol. 148, 481–491.
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