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SUMMARY

The following study investigates the timing and mechanism of impact of Swiss needle cast on Douglas-fir
(Pseudotsuga menziesit) needle physiology (i.e. gas exchange). Swiss needle cast is a foliar disease caused by the
fungus Phaeocryptopus gaeumannii, which occurs throughout the range of Douglas fir and until recently has been
considered unimportant. However, recent surveys show the Swiss needle cast currently affects >52611 ha of
forested lands in western Oregon, USA, causing a reduction in growth of ¢. 23%, or an implied growth loss of ¢.
3.2 m® ha™ yr! for 1996 alone. Gas exchange of artificially inoculated 2-yr-old Douglas-fir seedlings was
monitored on a monthly basis using 4/C, curve analysis. No effect of fungal presence on gas exchange was noted
until the emergence of fungal fruiting structures (pseudothecia) from needle stomata. However, once present,
maximum stomatal conductance and CO, assimilation rates were inversely proportional to the presence of
pseudothecia. 4/C; curve analysis showed that declines in CO, assimilation appeared to be due to both stomatal
and nonstomatal limitations. Stomatal limitations to CO, assimilation were the direct result of reduced CO,
diffusion through blocked stomata. Nonstomatal limitations arose, in part, from an indirect effect of pseudothecia
development on Rubisco activation. For example, in both Swiss needle cast-infected foliage and foliage with
artificially blocked stomata (by external application of petroleum jelly), the amount of Rubisco activation showed
a strong, positive relationship with daily maximum stomatal conductance. A mechanism is proposed that outlines
the impact of pseudothecia development on stomatal conductance and CO, assimilation rates.

Keywords: Pseudotsuga menziesii, Phaeocryptopus gaeumannii, pathogenic fungi, gas exchange, stomatal
conductance, photosynthesis, Rubisco activation, seasonal variation.

INTRODUCTION

Swiss needle cast (SNC) is a foliar disease caused by
the fungus Phaeocryptopus gaeumannii, which occurs
throughout the range of Douglas fir (Pseudotsuga
menziesii) and until recently has been considered
unimportant. However, recent surveys show that
SNC currently affects >52611 ha of forested lands
in western Oregon, USA (Hansen et al., 2000),
" causing a reduction in growth of ¢. 239, or an
implied growth loss of ¢. 3.2 m® ha™ yr™! for 1996
alone (D. A. Maguire, unpublished).

*Author for correspondence (tel +1 541 737-6567; fax +1 541
737-1393; e-mail Greg.Filip@orst.edu).

Parasitic fungi extract the nutrients necessary for
their survival from the plant tissues that they invade,
consequently reducing host growth and vigour. In
addition to direct absorption of nutrients, fungi
might also reduce host photosynthate production
(éutic’ & Sinclair, 1991; Scholes, 1992) through a
variety of biochemical and/or structural means.
Biochemical processes include changes in host
processes (e.g. electron transfer chain, Montalbini et
al., 1981) and enzymes (e.g. Rubisco, Gordon &
Duniway, 1982; Walters & Ayres, 1984) or the
introduction of fungal enzymes, which regulate host
physiology abnormally (e.g. invertase, Tang et al.,
1992). Structural means include the loss of functional



482 RESEARCH D. K. Manter et al.
host tissue (e.g. necrosis) and physical blocking of
intercellular spaces or stomata (Ayres, 1976, 1981;
Suti¢ & Sinclair, 1991). The latter has been sug-
gested to be the major initial impact of P. gaeumannii
owing to the presence of fungal fruiting bodies
(pseudothecia) that emerge from needle stomata.
The hypothesis that P. gaeumannii has an effect on
gas exchange of Douglas-fir needles mainly through
blockage of stomata is largely based on circumstantial
evidence. For example, microscopic work has shown
that internal colonization by P. gaeumannii is limited
to intercellular spaces with no obvious development
of haustoria, penetration or necrosis of needle tissue
(Capitano, 1999), and pseudothecia initials can be
observed densely packed into needle stomata (Stone
& Carroll, 1986). Based on these observations and
preliminary field data (D. K. Manter, unpublished)
showing reduced gas exchange in Douglas-fir stands
infected with P. gaeumannii, we conducted the
following studies in order to quantify the effects of P.
gaeumannii infection on Douglas-fir needle physi-
ology, especially the factors controlling CO, as-
similation rates, and to determine the mechanism of
effect.

MATERIALS AND METHODS

Plant material and inoculations

All measurements were conducted on potted 2-yr-
old Douglas fir (Pseudotsuga menziesii (Mirb.)
Franco) seedlings (Georgia-Pacific Corp., Cottage
Grove, OR, USA). In May 1998, 50 seedlings were
inoculated by placing seedlings in a chamber with an
overhead misting system. Mist was applied for 15 s
every 60 min from 08:00 to 20:00 hours, and 15 s
every 120 min from 20:00 to 08:00 hours. An
inoculum source was provided by branches infected
with Phaeocryptopus gaeumannii (Rhode) Petrak,
collected from Sour Grass Summit, OR, USA,
suspended over the target seedlings. Inoculum levels
were monitored by weekly spore counts on glass
slides suspended over the target seedlings (c. 1 spore
mm™%). After a 2-wk inoculation period, seedlings
were incubated for 2 wk in a glasshouse maintained
at 21°C under ambient light and humidity. Im-
mediately following the incubation period, a second
round of inoculation (using newly collected
inoculum-source branches) and incubation treat-
ments were applied. Following treatments, seedlings
were maintained in an outdoor cold frame at Oregon
State University, Corvallis until future measure-
ments. For each step of the inoculation procedure
(i.e. inoculation, incubation and storage), seedling
position was varied randomly. To create noninfected
control branches, two branches on each seedling
were covered with bags (‘D’-bag w/polypropylene
window; Northwest Mycological Consultants, Cor-
vallis, OR, USA) during the inoculation and in-

cubation periods. The bagging of branches was
successful in reducing overall infection; however,
some infection was eventually detected.

Fungal infection

The presence of P. gaeumannii was determined by
visual estimates of fungal fruiting bodies (pseudo-
thecia) emerging from stomata. Estimates of the
percentage of needle stomata that were occluded
with pseudothecia (i.e. pseudothecia counts) for each
branch were calculated by averaging pseudothecia
counts from three positions on each needle present.
At each position, one on each longitudinal third of
the needle, pseudothecia counts were conducted by
visually counting the number of pseudothecia emerg-
ing from 100 consecutive stomata from the first
complete row closest to the needle midrib.

Gas-exchange measurements

Using a LI-COR 6400 portable infrared gas-
exchange system (LI-COR, Lincoln, NE, USA),
response curves of CO, assimilation (4/C; response
curve, i.e. CO, assimilation rate vs calculated internal
CO, concentration) were measured. During meas-
urements, cuvette conditions were maintained at
PAR 2000 pmol m™? s7*, temperature 25°C, [H,0O
vapor] >18 mmol mol™ air, [CO,] 40 Pa, and flow
rate 100 pmol m™® s, unless otherwise stated. A/C;
response curves were measured by varying the
cuvette CO, concentration, allowing equilibration to
a steady state (cuvette [CO,] coefficient of variation
<29%), and logging measurements every 10 s for 1
min. CO, was varied as follows: 40, 30, 20, 60, 80,
100, 120, 160 and 200 Pa.

Temporal variation in gas exchange was measured
each month from October 1998 to June 1999 using
one bagged (i.e. control) and one unbagged (i.e.
infected) 1-yr-old branch from at least two seedlings,
except for March (six seedlings), April and May (five
seedlings); sample sizes were increased in March
because of increased variation associated with the
development of P. gaeumannii-pseudothecia. Be-
ginning in March, low levels of infection (pseudo-
thecia) were observed in most infected branches and
some control branches. As a result, control-branch
needles were preferentially selected based on the
absence of pseudothecia, and infected-branch
needles were selected based on the presence of
pseudothecia.

A/C; curves were used to estimate some of the
major limitations to net uptake of carbon (C) into a
plant following methods described by Farquhar et
al. (1980), Sharkey (1985), Harley & Sharkey (1991)
and Harley et al., (1992). All A/C, curve calculations
are in Appendix I, and a list of abbreviations and
parameters can be found in Appendix II.
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Imaging chlorophyll fluorescence

In April 1999, needles (1998 cohort) from the six
seedlings selected for the April 4/C; curve analysis
was also analysed for chlorophyll fluorescence.
Following gas exchange, sample branches (one
infected and one control branch per seedling) were
removed, re-cut under water, and then dark-adapted
for 1 h. After the dark treatment, four or five needles
were removed from each branch, cut longitudinally
in half, and placed side by side on index cards
creating two samples per branch (i.e. one sample
with four or five needle-tip halves, and one with four
or five needle-petiole halves). For each card, a 1-cm?
sample was measured for chlorophyll fluorescence.
For each 1-cm?® sample, a two-dimensional image of
fluorescence was created using an imaging fluor-
ometer that measures time-dependent fluorescence
from an array of 31 680 positions per sample. A
description of the imaging fluorometer used can
found in Ning et al. (1995).

For each position, an estimate of quantum yield
(Y’) was calculated from measurements of F, (the
maximum fluorescence signal), F, (the low, steady-
state level of fluorescence 105 s after illumination)
and F,,, (the background level of fluorescence);
where V' = (F, —F,)/(F,—Fy,). A more detailed
explanation of the parameters and Eqns can be found
in Ning et al. (1995) and Bowyer et al. (1998).

Rubisco activation

In order to confirm A/C; estimates of Rubisco
activation (i.e. V.., see Appendix I), spectro-
photometric assays of initial and total Rubisco
activity (R; and R, respectively) were measured
from a random sample of 10 seedlings. From each
seedling, two samples (one infected and one control
branch) of six needles (1998 cohort) were analysed
and the percentage of activated Rubisco (i.e. Rubisco
activation, R,.,) was calculated as R;/R,x100.
Needles were homogenized in 3 ml of extraction
buffer (100 mM Bicene, 5mM EDTA, 0.75% (w/w)
polyethylene glycol, 14 mM B-mercaptoethanol and
1% (v/v) Tween 80, pH adjusted to 7.8 using 2N
KOH). The extract was centrifuged at 13000 g for 40
s, and 50 pl of the supernatant was added to each of
two samples of 900 pul of analysis buffer (100 mM
Bicene (pH 8.0 at 25°C), 25 mM KHCO,, 20 mM
MgCl,, 3.5 mM ATP, 5 mM phosphocreatine, 80
nkat glyderaldehyde-3-phosphate dehydrogenase, 80
nkat 3-phosphoglyceric phosphokinase, 80 nkat
creatine phosphokinase and 0.25 mM NADH). For
initial Rubisco activity, 50 pl RuBP was immediately
added to one sample of the analysis buffer (total
preparation time was ¢. <2 min) and changes in A,,,
were measured 15 s later, when a steady slope was
observed. For total (fully activated) Rubisco activity,
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RuBP was added after 15 min of activation and
changes in A,,, were measured.

In order to test the hypothesis that reduced
stomatal conductance causes a decline in Rubisco
activation, we also measured Rubisco activation on
needles that were artificially induced to have lower
stomatal conductance. To achieve this we covered
the abaxial surface of selected needles (using only
1999 needles with no visible pseudothecia) with one
of three different amounts of petroleum jelly (0, 50
and 1009% of projected leaf area). Each treatment
level was applied to one secondary lateral branch on
each of six randomly selected seedlings. Pre- (<30
min) and post- (¢. 1 h) treatment stomatal con-
ductance was measured using a LI-COR 6200 under
natural conditions. Initial and total Rubisco activity
were measured 1 d after treatment on needles
exposed to full sunlight.

Statistical analysis

All reported values are the means for each measured
branch. Within each sample date, differences in gas-
exchange parameters and fungal infection (pseudo-
thecia density) between infected and noninfected
branches were tested using a paired #-test (n =
number of seedlings; see the Gas-exchange measure-
ments section). All linear regressions were calculated
using Sigma Plot 4.0 (Jandel Scientific, San Rafael,
CA, USA).

RESULTS

Seasonal variation

The rate of net CO, assimilation differed seasonally
in both infected and control branches (Fig. 1a). Net
assimilation declined by ¢. 409, between December
and January, associated with a reduction in stomatal
conductance of ¢. 609% (Fig. 1b). Assimilation rates
remained constant at these reduced levels until
March and the onset of budbreak. In March,
assimilation declined a further ¢. 20% for both
infected and control branches. At this time, res-
piration rates also increased c¢. 50% (e.g. Ry, ¢. 4
umol CO, m™? s7! (Mar) and ¢. 2 pmol CO, m™® s™*
(Oct-Feb); Fig. 1c). By June, assimilation rates of
control branches recovered to 87% of pre-winter
rates and conductance of ¢. 80%. In infected
branches, however, no recovery in assimilation rates
and conductance was observed; in fact, assimilation
and conductance were at their lowest observed values
(i.e. 26 and 15% of the pre-winter values, re-
spectively).

Seasonal changes in Rubisco activation (V,,,.)
mirrored changes in stomatal conductance (Figs 1b,
2a). V.. declined ¢. 229 between December and
January (Fig. 2a) compared with the 609, decline in
stomatal conductance (Fig. 1b). V,,,. remained
depressed during the winter until recovery in the
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Fig. 1. Seasonal patterns of needle physiology (gas
exchange) in 2-yr-old Douglas-fir seedlings infected with
Phaceocryptopus gaeumannit (open circles, infected; closed
circles, control). For each sample date, treatment
differences were tested using a paired #-test; *, P <0.05.
Net assimilation rate was measured at PAR 2000 pmol m™2
s7!, temperature 25°C, [H,O vapor] >18 mmol mol™ air,
[CO,] 40 Pa, and flow rate 100 pmol m™ s™'. Stomatal
conductance is the average rate of conductance measured
during the entire 4/C, curve. Calculations of day res-
piration can be found in Appendix I.

spring, which was also when stomatal conductance

recovered. By May, V, .. recovered to pre-winter

values (e.g. V.. 37.55 (May) and 37.53 pmol CO,
m™? 57 (Oct-Dec)). Similarly to Rubisco activation,
RuBP regeneration (¥,,,) showed some seasonal
changes, declining in the winter and recovering
during the spring months (Fig. 2b).

The impact of fungal infection

Phaeocryptopus gaeumannii internal and. external
hyphal colonization and biomass increase gradually
following inoculation (Capitano, 1999; D. Manter,
unpublished); however, the first sign of physiological
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Fig. 2. Seasonal patterns of biochemical limitations to gas
exchange in 2-yr-old Douglas-fir seedlings infected with
Paeocryptopus gaeumannii (open circles, infected; closed
circles, control). For each sample date, treatment differ-
ences were tested using a paired i-test; *, P <0.05.
Calculation of V____and ¥_._can be found in Appendix I.
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Fig. 3. Seasonal patterns of Phaeocryptopus gaewmannii
infection in inoculated 2-yr-old Douglas-fir seedlings
(open circles, infected; closed circles, control). For each
sample date treatment differences were tested using a
paired t-test; ¥, P <0.05.

impact due to infection occurred 10 months after
inoculation, or only after pseudothecia emerged
from >59, of the needle stomata (i.e. March sample
date; Figs 1-3). Reductions in net assimilation were
associated with development of pseudothecia. For
example, in April, when 18.9% of the stomata
contained P. gaeumannii pseudothecia, net assimi-
lation rates in ambient conditions (i.e. PAR ¢. 2000
umol m™2s7, [CO,] 35.5 Pa, [H,0O vapor] ¢. 18 mmol
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Table 1. Infection level and AJ/C, curve parameters from six 2-yr-old
Douglas-fir seedlings infected with Phaeocryptopus gaeumannii, sampled
in April 1999

Treatment?

Parameter! Control Infected P-value®
Pseudothecia count 0.23 (0.14) 18.91 (2.83) 0.001
Stomatal conductance 52.70 (9.32) 33.18 (5.02) 0.021
CO, assimilation rate 4.40 (0.36) 2.20 (0.24) 0.001

V oinas 32.71 (3.55) 19.43 (1.52) 0.006

- 99.69 (12.13) 68.70 (11.78) 0.014
Day respiration 3.94 (0.76) 4.29 (0.30) 0.665

!Pseudothecia count, the percent of stomata occluded with pseudothecia (see the
Materials and Methods section for further explanation). Stomatal conductance
is the average value from the entire 4/C, curve measurement. CO, assimilation
rates are single point measurements of assimilation at [CO,] ¢. 35.5 Pa, PAR ¢.
2000 pmol m™ s, [H,0 vapor] >18 mmol mol™ air. V.., Fn.o and day
respiration are derived from A/C, curves as described in the text.
2One control and one infected branch from each of six 2-yr-old Douglas-fir
seedlings were measured. Values reported are the mean and SE of the mean.
8P-values were calculated using paired t-tests between control and infected
branched for the six seedlings sampled.
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Fig. 4. Relationship between stomatal conductance and
Phaeocryptopus gaeumannii pseudothecia in 2-yr-old
Douglas-fir seedlings. Each observation represents differ-
ences between sample branches from each of the seedlings
measured during the April-June sample dates. Percent
decline in stomatal conductance = (g, conwror—&sw.intected)/
Eew_contrar X 100. Percent difference in pseudothecia count =
infected — control.

mol ™ air) declined by 50%, compared with control
branches (Figs 1a, 3). Other physiological changes
associated with the development of infection in-
cluded a 379, reduction in stomatal conductance, a
409, reduction in Rubisco activation, and a 319,
reduction in RuBP regeneration compared with
control branches (Table 1).

No true control seedlings were used in our study,
because branches adjacent to inoculated branches
were covered with bags to obtain noninfected
branches. It is possible that fungal growth on the
infected branches influenced the physiology of the
entire seedling via water stress, growth regulator, or
source-sink relations. However, none of these factors
appear to be associated with P. gaeumannii infection,
and no ‘compensatory’ effect (e.g. an increase in net
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Fig. 5. Average A/C, curves for control and Phaeo-
cryptopus gaeumannii-infected branches in 2-yr-old
Douglas-fir seedlings sampled in April 1999. Supply and
demand curves were determined from the average values
of V. R and conductance (Table 1) for each

cmax? < max’ day

treatment (control, solid line; infected, dashed line) using
the Eqns in Appendix I.

CO, assimilation rate) was observed in the control
branches; all physiological parameters remained
relatively constant throughout the study, except
during the winter depression (Figs 1-3).

The relationship between fungal infection and
stomatal conductance was determined by a re-
gression between the percentage decline in stomatal
conductance (gsw,control —gsw,infected/gsw,control X 100)
and pseudothecia presence (infected — control) using
the observations from each seedling in April-June
(Fig. 4). A strong positive, linear relationship
between pseudothecia presence and the percentage
decline in stomatal conductance was detected (ad-
justed R* =0.927, P <0.0001).

Fig. 5 depicts the average A4/C, or ‘CO, demand’

curve (calculated from the mean values of V.., ¥«
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and R,, (from Table 1) in Eqn 2) and ‘CO, supply’
curve (calculated from the mean values of g, (from
Table 1) in Eqn 4 when C, =35 Pa). The ‘CO,
demand’ curve represents the response of photo-
synthesis to internal CO, concentration, demon-
strating for the infected branches that photosynthesis
is lower at all internal CO, concentrations. The ‘CO,
supply’ curve depicts the amount of CO, entering
the needle for a given stomatal conductance and
atmospheric CO, concentration. The intersection of
these two curves, or the point where the supply of
CO, entering the needle through the stomata and the
biochemical demand for CO, are equal, has been
termed the ‘operating point’ and should approxi-
mate the realized rate of CO, assimilation at the
designated C, concentration (Jones, 1985). When
this analysis is applied to the April measurements,
predicted net assimilation rates (i.e. the ‘operating
point’) at ambient CO, (35 Pa) are ¢. 4.7 and 1.9
pmol CO, m~® s7! for control and infected branches,
respectively. These rates are similar to the measured
rates of 4.4 and 2.2 pmol CO, m™® s}, respectively
(Table 1).

Changes in net CO, assimilation rates might occur
through changes in either the CO, demand curve
and/or the CO, supply curve. As shown in Fig. 5
both curves are affected by P. gaeumannii infection.
If we assume that stomatal conductance and CO,
supply affect infected needles first (see the Discussion
section), followed by changes in Rubisco activation
and CO, demand, then it appears that net CO,
assimilation in infected needles is limited by approxi-
mately equal stomatal and biochemical limitations.
For example, as stomatal conductance declines, the
operating point shifts from 4 .., to A,, resulting in
ac. 269 decline in net CO, assimilation. Next, as the
demand curve changes, the operating point shifts
from A, to A, eereq, reducing net CO, assimilation by
¢. 349, or slightly more than half of the total decline
in net ambient assimilation rate due to infection.

Rubisco activation

Similarly to the A4/C; curve analysis, spectro-
photometric assays of Rubisco activation also showed
that branches infected with P. gaeumannii had a
reduced amount of activated Rubisco compared with
control branches (78.7 + 3.2 and 48.0+23.79, for the
control and infected branches, respectively). How-
ever, no difference in the total Rubisco activity was
detected (10.1+1.0 and 10.540.9 pmol m™2 s for
the control and infected branches, respectively).
Spectrophotometric assays of Rubisco activation
using needles treated with petroleum jelly showed
that Rubisco activation is lower in treated branches
(i.e. lower stomatal conductance). In these seedlings,
pre-treatment stomatal conductance did not sig-
nificantly differ between branch samples (stomatal
conductance was 142.749.07, 143.7412.7 and
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Fig. 6. Relationship between changes in stomatal con-
ductance and Rubisco activation. (a) Determined from
spectrophotometric analysis of Rubisco activation from
needles treated with petroleum jelly. Each observation
represents differences between treated needles from each
of six seedlings measured in July 1999. Percent decline
in Rubisco activation = Ry ¢y yeament 0 ~ Racttreatments (s
either the 50 or 1009, treatment level). Percentage decline
il’l Stomatal conductance = gsw-treatment_o —gsw_treatment_i/
Zow treatment o X 100 (1, either the 50 or 1009 treatment
level). Stomatal conductance was measured 1 h after
treatment under ambient conditions. (b) Determined from
A/C, curve analysis of P. gaeumannii-infected seedlings.
Each observation represents differences between control
and infected branches. Percent decline in Rubisco activa-
tion = K}max_contml - I/cmzuLinfected/ chnmx_control X 100 Percent
decline in stomatal conductance = g , .onuwor —&sw intected/
Low_oonuwar X 100, Stomatal conductance is the average
stomatal conductance measured during A4/C; curve ana-
lysis at optimal conditions.

139.54+7.2 mmol m™? s* for 0, 50 and 1009,
treatments, respectively); however, stomatal con-
ductance was significantly reduced following treat-
ment with petroleum jelly (stomatal conductance
was 69.8+8.67, 48.86+7.4 and 27.92+4.5 mmol
m2s7! for 0, 50 and 1009, treatments, respectively).
The overall decline in stomatal conductance (e.g.
¢. 50% in controls) was associated with an increased
vapor pressure deficit during the post-treatment
measurements. A strong linear relationship (adjusted
R*=10.736, P <0.0001) exists between the per-
centage decline in stomatal conductance following
treatment (g sw_treatment_0 g sw_treatment_i/ 8 sw_treatment_0
x100; i, either the 50 or 1009, treatment level)
versus the percentage decline in Rubisco activation
(RACT_treatment_O_RACT_tn‘eatment_i; i’ either the 50 or
1009%, treatment level) (Fig. 6a). A similar relation-
ship between the percentage decline in stomatal
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(a)

Infected needles

(c)

Control needles

Fig. 7. Imaging chlorophyll fluorescence (Y”) of 2-yr-old Douglas-fir seedlings infected with Phaeocryptopus
gaeumannii. (2) and (c), images of chlorophyll fluorescence ( Y"). (b) and (d), digital images showing the presence
of pseudothecia from the region outlined in the adjacent panel.

conductance due to P. gaeumannii infection (g¢, contro1
— B intected/ Lsw_conror X 100) versus the percentage
decline in  Rubisco activation (V.. contwor
- I/vcn'nax_int’ected/ I/cmax_contml X 100) was Obtained USing
the A/C, curve analysis of diseased seedlings (R? =

0.777, P <0.0001; Fig. 6b).

Chlorophyll fluorescence

Chlorophyll fluorescence was measured to assess
both quantum efficiency (Ning et al., 1995; Bowyer
et al., 1998) and the presence of ‘patchy’ stomatal
closure (Buckley et al., 1997). Fig. 7 shows typical
images of quantum efficiency (Y”) from one control,
and one infected, sample of needles from the same
seedling. As can be seen in Fig. 7, no spatial variation
in quantum efficiency can be observed within
measured needles; thus, each set of needles measured
had a quantum efficiency that showed a unimodal
distribution of Y’ values (data not shown).

No significant differences between needle seg-
ments were detected (i.e. tip and petiole halves, data
not shown) therefore; the average value of the tip
and petiole halves for each branch-treatment com-

bination was used for subsequent analyses. No
difference in quantum efficiency was detected be-
tween control and infected branches from the same
seedling (0.6934+0.014 and 0.6864+0.014 for the
control and infected branches, respectively). In
addition, no differences were detected in F,, F or
F ..« (data not shown).

DISCUSSION

Seasonal variation

Seasonal changes in needle physiology (i.e. gas
exchange) were observed for both infected and
control branches of 2-yr-old Douglas-fir seedlings.
However, no difference between infected and non-
infected branches was noted until there were obvious
pseudothecia present in infected needles. De-
pressions of needle physiology during the winter are
a typical phenomenon in conifers, particularly at
higher elevations (Havranek & Tranquillini, 1995).
In our work, winter depressions of Douglas-fir
needle physiology have been detected in seedlings
(present study) and saplings, ¢. 15-yr-old (K.
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1. Phaeocryptopus gaeumannii
Infection and colonization

v

2. Pseudothecia
formation

v

3a. Reduced stomatal
conductance

¥ N

4a. Stomatal limitations .| 4b. Biochemical limitations
(i.e. reduced CO, supply) " |(i.e. reduced Rubisco activation)

3b. Unknown

I 5. Net assimilation reduced I

| 6. Symptom development |

Fig. 8. Mechanism of Phaeocryptopus gaewmannii impact
on Douglas-fir needle physiology (gas exchange).

Kavanagh, unpublished). Although the causes of
these depressions were not directly investigated,
other work with conifers suggests that increased
levels of abscisic acid (Qamaruddin et al., 1993)
might be one of the factors responsible for the
increased stomatal closure and decline in conduc-
tance. Similarly to the disease mechanism to be
presented, the reduced supply of CO, from the low
stomatal conductance might cause a down-regulation
in the activation of Rubisco. However, ‘normal
seasonal changes in cell physiology’ (Havranek &
Tranquillini, 1995) such as membrane permeability
should not be overlooked.

Fungal impacts and mechanism

Following pseudothecia emergence, both stomatal
conductance and C assimilation are reduced in
infected branches. ‘

Based on this study we propose the following
mechanism through which P. gaeumannii affects
Douglas-fir needle physiology and potential pro-
ductivity (Fig. 8). Most fungal effects result from the
formation of pseudothecia, a resultant decline in
stomatal conductance and the development of
stomatal and nonstomatal limitations to CO, as-
similation (steps 1-5). Additional nonstomatal lim-
itations to CO, assimilation might also arise from an
as yet undetermined fungal effect (step 3b). Once
assimilation rates have been reduced, needles will be
less productive and over time the common SNC
disease symptoms of chlorosis, needle abscission,
and growth loss will result (step 6).

In our model, the major impact of disease occurs
with the emergence of fungal pseudothecia. At this
point, stomatal conductance and net CO, assimi-
lation are reduced. Understanding the mechanisms
responsible for the changes in either one of these
parameters is complicated by the fact that each
has been shown to influence the other. It is our

contention, however, that a decrease in stomatal
conductance (and increased stomatal limitation to
net CO, assimilation) occurs first owing to the
formation of pseudothecia, followed by an increase
in biochemical limitations to net CO, assimilation
because of reduced Rubisco activation.

A direct effect of pseudothecia on stomatal con-
ductance is expected because of the physical presence
of pseudothecia in needle stomata. Furthermore, the
strong relationship between pseudothecia presence
and decline in stomatal conductance suggests that
the presence of pseudothecia is the causal factor
reducing stomatal conductance in SNC-infected
Douglas-fir foliage. If the relationship presented in
Fig. 4 is extrapolated to zero stomatal conductance
(i.e. 100% decline in stomatal conductance), then
only ¢. 589 of the stomata need be occupied by
pseudothecia. This might be owing to the presence
of other fungal structures that also block gas
exchange through needle stomata. One structure,
pseudothecia initials (i.e. generative hyphae), might
prove to be the best indicator of fungal impact on
stomatal conductance, because these structures can
be found densely packed into needle stomata with or
without attached mature pseudothecia (Stone &
Carroll, 1986). Second, surface hyphae in P.
gaeumannii-infected foliage can at times form rela-
tively dense mats of hyphae on the needle surface
(Capitano, 1999) and these structures might also
physically block needle gas exchange, as has been
shown with powdery mildew (Ayres, 1976, 1981).

Concurrent with the decline in stomatal con-
ductance, net CO, assimilation is reduced through
both stomatal and biochemical means. We suggest
that the biochemical limitations, due to Rubisco
deactivation, result from the reduced stomatal con-
ductance and internal CO, concentration. In other
studies, the amount of activated Rubisco was affected
by other factors, such as water stress (Kanechi et al.,
1996; Tezara et al., 1999), feedback inhibition
(Scholes, 1992), nitrogen (N) concentration
(Farquhar et al., 1980) and fungal toxins (Scholes,
1992). However, if any of these factors were limiting
Rubisco activation in P. gaeumannu-infected
needles, then we would have expected them to be
present during the long infection period before
pseudothecia formation. Instead our research shows
that reduced Rubisco activation due to fungal
presence occurred only after pseudothecia for-
mation. Furthermore, any fungal consumption of
key nutrients such as N does not appear to be related
to the decline in Rubisco activation as no change in
total Rubisco activity (R,) was detected in infected
branches.

Two possible mechanisms might explain the
relationship between stomatal conductance and
Rubisco activation. The first potential mechanism
involves what is commonly referred to as ‘patchy’
stomatal closure (Terashima et al., 1988 ; Terashima,
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1992; Mott, 1995). In this situation, stomata are
closed in groups, resulting in a needle-wide con-
ductance distribution that has distinct modes;
typically, it is bimodal with one region possessing a
normal conductance and the other little to no
conductance (Buckley et al., 1997). If such a
distribution is present, A/C; curve analysis might
erroneously show nonstomatal limitations owing to
an overestimate of C, (Terrashima et al., 1988).

In the case of P. gaeumannii-infected foliage,
however, patchy stomatal closure does not appear to
be responsible for our observed biochemical lim-
itations to assimilation. First, spectrophotometric
assays of Rubisco activation, which do not rely on
estimates of C;, confirmed that Rubisco activation is
reduced in infected needles. Second, chlorophyll
fluorescence images show that quantum efficiency, in
both infected and control needles, conforms to a
unimodal distribution.

The second possible mechanism is that the
reduction in CO, supply due to lower stomatal con-
ductance results in a reduction in the amount of
activated Rubisco. For Rubisco to act as a car-
boxylase and fix C, it must first be activated. One of
the steps in activation involves carbamylation of the
active site with a CO, molecule (Lorimer, 1981).
Therefore, following the decline in stomatal con-
ductance, and a reduction in the supply of internal
CO,, it is possible that the amount of activated
Rubisco declines, resulting in our observed re-
ductions in V. In order to test the sensitivity of
Rubisco activation in Douglas fir to internal [CO,],
we measured Rubisco activation from healthy
needles that had an artificially reduced stomatal
conductance. Based on these studies, Rubisco ac-
tivation in Douglas-fir needles is influenced by
decreasing stomatal conductance and the resulting
decline in internal CO, concentration. In fact,
Rubisco activation showed a linear relationship with
maximal stomatal conductance, decreasing as stoma-
tal conductance decreased. To our knowledge, a
linear relationship between maximum stomatal con-
ductance (and the associated decline in internal CO,
concentration) and Rubisco activation has not pre-
viously been shown. However, Rubisco activation
has been shown to decline below some threshold
level of internal CO,, which varies between species
(von Caemmerer & Edmondson, 1986; Sage et al.,
1990).

Reductions in Rubisco activation in P.
gaeumannii-infected foliage also appear to arise
directly from the decline in internal [CO,], for the
following reasons. First, biochemical limitations to
net assimilation were consistently associated with
changes in stomatal conductance (i.e. P. gaeumannii-
infected seedlings, petroleum-jelly-treated seedlings,
and winter-associated physiological depressions).
Second, no changes in any of the chlorophyll-
fluorescence parameters were detected following
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fungal infection. From these data we can infer that
P. gaeumannii infection appears to have no direct
impact on the level and function of energy capture
and electron transfer, or any of the other physio-
logical processes typically associated with changes in
chlorophyll fluorescence (Kraus & Weis, 1991).
Third, physical reductions in stomatal conductance
(i.e. petroleum-jelly-treated needles) of healthy
needles resulted in reduced Rubisco activation.
Fourth, no differences in total Rubisco activity were
detected.

Reduced stomatal conductance and CO, supply
might not fully account for the changes in Rubisco
activation of P. gaeumannii-infected needles (Fig.
6a,b). For example, in the petroleum-jelly-treated
trees, when stomatal conductance declined by 509,
Rubisco activation was reduced by ¢. 21%, ; however,
in SNC-infected seedlings, when fungal presence
caused a 509, reduction in stomatal conductance,
Rubisco activation was reduced by ¢. 439%,. Assuming
that the observed differences are not related to the
differing methodologies (spectrophotometric vs A/
C, curve determination of Rubisco activation), then
only ¢. 509% of the nonstomatal limitations in P.
gaeumannii-infected foliage can be attributed to the
stomatal conductance mechanism already explained.
The increased sensitivity to stomatal conductance
and internal CO, supply in P. gaeumannii-infected
needles, if it is present, deserves further attention.

Finally, only after the decline in net assimilation
occurs do we reach the final stage of disease
development, or symptom expression. During this
stage, the commonly observed patterns of chlorosis,
needle abscission and reduced growth develop in P.
gaeumannii-infected foliage.
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APPENDIX I. A/C, curve analysis and calculations

A/C; curves can be used to estimate some of the
major underlying biochemical processes influencing
gas exchange and the net uptake of C into a plant
(assimilation) (Farquhar et al., 1980; Sharkey, 1985;
Harley & Sharkey, 1991; Harley et al., 1992).
According to their models, CO, assimilation (umol
m™? s7!) can be modeled by Eqns 1 and 2. See
Appendix II for variable definitions.

A=V,-05V,—R,, Eqn 1
o . . .

A=l —0.5t v Ci) Xmin{W,W,W _}-R,,, Eqn2

T = exp(—3.9489+28.9/0.00831 x T}) Eqn 3

Implicit in Eqn 1 is that for each carboxylation event
one molecule of CO, is assimilated, and for every two
oxygenations one CO, molecule is released. C; is the
calculated internal [CO,] (Pa) based on Eqns 4-6.

A=g,C,—C) Eqn 4

E=g, W, —W) Eqn 5
_ 8sw

gsc - 160 Eqn 6

Furthermore, according to Farquhar et al. (1980) if
Rubisco assumes Michaelis-Menton enzyme kinetics
based on a competitive two-substrate (O, and CO,)
system, then: '

W,= Vemax X Cio Eqn 6
C+K(1+—
l+ c( +Ko)
K, = exp(35.79—-80.47/0.00831 x T,) Eqn 7
K, = exp(9.59—-14.51/0.00831 x T}) Eqn 8
and
Wj = }X—C(i) Eqn 9
4(Ci+?)

assuming that for every 4 electrons produced enough
ATP and NADPH are generated for completion of
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Fig. 9. The components of an 4/C, curve. Closed circles,
a typical A/C,; curve consisting of three underlying
biochemical processes: W, rate of caroxylation limited by
Rubisco activation; W,, rate of carboxylation limited by
RuBP regeneration; W, rate of carboxylation limited by
inorganic phosphate.

the Calvin cycle and regeneration of RuBP. The
potential rate of electron transport is dependent
upon the following:

axl
I=—ar,.
(1__|_ )0.5
j}tma,x2
Quantum-use efficiency (o) was assumed to be 0.18
(mol e mol™ absorbed photons) for both control
and inoculated branches; Ehlringer & Pearcy (1983)
showed that quantum-use efficiency and light ab-
sorption is relatively constant among several C,
plants; and,

Egn 10

V,x0.5x0
C,xt

K

Wp=3><TPU+%=3><TPU+
Egn 11

Finally, Eqn (2) was solved iteratively for V. and
R,,, by assuming that W, occurs at low C; values.
Waullschleger (1993) suggests using the portion of
the curve where C; <30 Pa; however when V.
values are low, the best fit might be obtained using
larger portions of the curve (e.g. C; <50 Pa).
Therefore, for each curve the largest range of C,
values that produced the best fit to the W, form of
Eqn 2 was used to determine V. and R, . After
determining V.. and Ry, , ¥... and the rate of
phosphate release in triose phosphate utilization
(TPU) were determined by solving the entire 4/C;

response curve for the full version of Eqn 2 (Fig. 9).
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APPENDIX 11. Abbreviations and units

Abbreviation Parameter Units

A Assimilation rate pmol m™2 s7!

C, Atmospheric CO, 35.5 Pa
concentration

C, Internal CO, Pa
concentration

E Transpiration rate mmol m™2%s7!

F, Maximal fluorescence Not applicable

F, Steady-state Not applicable
fluorescence at 150 s

Fyne Machine background Not applicable
fluorescence

& Stomatal conductance mmol m~2 s7*
to CO,

Eew Stomatal conductance mmol m~? s~
to H,0

1 Incident light pmol m~2 s7!

N Potential rate of pmol m™2 s7!
electron transport

F o Light saturated rate of  pmol m™2s™
electron transport

K, Michaelis-Menton Pa
constants for CO,

K, Michaelis-Menton KPa
constants for O,

0} Internal oxygen 21 kPa
concentration

R, Rubisco activation, %
R,/R, %100

Ry, Evolution of pmol m~2 s
nonphotorespiratory
CO, in light

R, Initial Rubisco activity =~ pmol m™2 s7!

R, Total Rubisco activity pmol m™2 s7*

1 Specificity of Rubisco pmol m™% s7!
for O0,/CO,

TPU Rate of phosphate pmol m™2 s71
release in triose
phosphate utilization

V, Rubisco carboxylation pmol m™2 s7?

v, Rubisco oxygenation pmol m™2% 57!

Vs Rubisco activation pmol m™2 s

w, Vapor pressure of the mmol H,0 mol™

air air

W, Rate of carboxylation pmol m™2 s7!
limited by Rubisco
activation

w, Internal leaf vapor mmol H,O mol™
pressure air .

W, Rate of carboxylation pmol m~2 s7*
limited by RuBP
regeneration

w, Rate of carboxylation =~ pmol m™® s™*
limited by inorganic
phosphate

Y’ Quantum efficiency, Not applicable

(Fm_F‘s)/(Fm_de'k)




