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ABSTRACT

Pangga, 1. B., Chakraborty, S., and Yates, D. 2004. Canopy size and in-
duced resistance in Stylosanthes scabra determine anthracnose severity at
high CO,. Phytopathology 94:221-227.

This study examines the relative importance of canopy size and in-
duced resistance to Colletotrichum gloeosporioides at 350- and 700-ppm
atmospheric CO, concentrations on susceptible Stylosanthes scabra
‘Fitzroy’ from two studies in a controlled environment facility (CEF) and
in the field. Plants were grown at the two CO, concentrations in a re-
peated experiment in the CEF and inoculated at 6, 9, or 12 weeks of age.
Although the physiological maturity of plants was at a similar stage for
all three ages, the number of lesions per plant increased with increasing
plant age at both CO, concentrations. At 350 ppm, the increase was
associated with canopy size and increasing infection efficiency of the

pathogen, but at 700 ppm, it was associated only with canopy size, be-
cause infection efficiency did not change with increasing age. A level of
resistance was induced in plants at 700 ppm CO,. In a second study,
plants were raised for 12 to 14 weeks at the two CO, concentrations in the
CEF and exposed to C. gloeosporioides inoculum in replicated field plots
under ambient CO, over three successive years. Fitzroy developed a dense
and enlarged canopy, with 28 to 46% more nodes, leaf area, and above-
ground biomass at high CO, than at low CO,. Up to twice as many
lesions per plant were produced in the high CO, plants, because the en-
larged canopy trapped many more pathogen spores. The transient induced
resistance in high CO, plants failed to operate when exposed to pathogen
inoculum under ambient CO, in the field. These results highlight the need
to consider both canopy size and host resistance in assessing the influence
of elevated CO, on plant disease.

According to measurements from the Vostok ice core in Antarc-
tica, CO, concentration in the atmosphere has fluctuated between
180 and 280 ppm for the past 420,000 years (28), but it has in-
creased from 280 to 367 ppm between 1750 and 1999, a rise of
31%, as a consequence of CO, emissions from fossil fuel burning
and deforestation. By 2100, carbon cycle models project atmos-
pheric CO, concentrations of between 540 and 970 ppm based on
different emission scenarios (17).

There is extensive literature on the response of plants to atmos-
pheric CO,. Increased photosynthesis and water use efficiency at
high CO, leads to higher biomass and yield (20,21). Plant mor-
phology changes due to increased number of nodes, greater inter-
node length, stimulated leaf expansion, and reduced apical domi-
nance (30,33) and changes in rules of morphogenesis make the
canopy dense and enlarged (27). If other factors are nonlimiting, a
doubling of CO, increases yield by about 30% in most crops with
a C; photosynthetic pathway (20). However, yield increases have
been observed mostly in experiments in which damage from plant
disease, herbivory, or weed competition has not been considered.

Among agricultural pests, pathogens have received far less at-
tention than insects (31), and there is a critical shortage of infor-
mation on the influence of elevated CO, on plant diseases. In the
few studies in which CO, effects on disease have been considered
(8,23), disease severity has increased, decreased, or remained
unchanged (5,8,23,35) due to changes in host morphology and
physiology. In barley, the rate of primary penetration of Erysiphe
graminis causing powdery mildew was reduced at 700 ppm CO,
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due to higher net photosynthetic rate allowing an increased
mobilization of resources into resistance such as the accumulation
of silicate at penetration sites and the production of papillae (14).
Host nutritional status (34), UV-B (5,23), and O; (19,36) influence
the expression of resistance at high CO,. Severity of E. graminis
in wheat is reduced by lowered plant nitrogen but raised by in-
creased water content (34). In addition to resistance, CO,-induced
modifications to plant canopy and its microclimate and pathogen
populations can potentially influence the severity, epidemiology,
and management of diseases; but these have not been examined in
any study.

In Australia, Stylosanthes scabra is an economically significant
pasture legume that is grown in over 1 m ha. Anthracnose disease,
caused by Colletotrichum gloeosporioides (Penz.) Penz. & Sacc.,
seriously limits the utilization of this legume in tropical and sub-
tropical Australia. In the 1970s, 500,000 ha of pastures with sus-
ceptible S. humilis cultivars were devastated by anthracnose. A
critical understanding of the host—pathogen interaction under ele-
vated CO, is of particular relevance to perennial pasture species
such as Stylosanthes, because unlike annual crops, these plants
cannot be quickly and easily replaced by cultivars more suited to
increased CO, concentrations. We have previously shown that
elevated CO, influences both host and pathogen, and cultivars
differ in their expression of resistance to anthracnose at 700 ppm
of CO, (6). The susceptible cv. Fitzroy develops a level of partial
resistance at 700 ppm CO,, whereas the response of resistant cv.
Seca remains largely unchanged (6). Among pathogen attributes,
conidia germination, germ tube growth, and appressorial produc-
tion by C. gloeosporioides were measured on leaf surface by
sampling inoculated leaves at different times after inoculation. At
700 ppm CO,, fewer conidia germinated and produced appres-
soria than at ambient CO, and the growth of germ tube and
appressoria production was delayed by 3 to 6 h. These contrib-
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uted to a longer incubation period and a reduced disease severity
at 700 ppm CO,, but the latent period remained unchanged and
the number of spores produced per unit lesion area increased by
more than twofold from an enhanced pathogen fecundity (6). Our
results are similar to findings on barley powdery mildew, where
despite initial delays and reductions in host penetration, the latent
period was unaffected as established colonies grew faster inside
host tissue at elevated CO, (14). We have recently shown that the
enhanced host resistance in S. scabra at 700 ppm CO, reduces the
overall aggressiveness of C. gloeosporioides, and it does not
initially increase under sequential infection cycles (4). In contrast,
aggressiveness steadily increases with infection cycles at ambient
CO,. Again, pathogen fecundity increases with each infection
cycle at 700 ppm but not at ambient CO,. Research in our labora-
tory (4,6,27) points to three factors as critical to anthracnose
epidemiology under elevated CO,: a change in resistance in some
cultivars; an increased amount of utilizable host tissue due to an
enlarged canopy; and increased inoculum due to enhanced patho-
gen fecundity.

Research on other plant species has shown that some host
physiological changes do not persist when plants are grown at
elevated CO, for a long period of time or over a number of gen-
erations (10,16,24). For instance, the increased biosynthesis of
plant metabolites such as phenolics, which are associated with re-
sistance response in many host plants, is not sustained in some
species (11). An enlarged plant canopy, on the other hand, contin-
ues to provide infection sites for the large number of pathogen
propagules produced as a result of increased fecundity. Therefore,
host resistance alone cannot explain disease severity at elevated
CO; and other associated changes need to be considered.

The aim of this work is to provide a comparative analysis of the
role of induced host resistance and canopy size under 700 ppm
CO, on anthracnose severity in susceptible S. scabra cv. Fitzroy.

MATERIALS AND METHODS

Two experiments were conducted to examine the relative im-
portance of canopy size and host resistance at 350 and 700 ppm
CO,. Firstly, resistance and canopy size were considered using
plants of three different age groups at the two CO, concentra-
tions; and secondly, the influence of canopy size was examined
by exposing plants of different canopy sizes from the two CO,
concentrations to natural C. gloeosporioides inoculum in the field
under ambient atmospheric CO,.

Plant age, canopy size, and CO, concentration. The influ-
ence of plant age, canopy size, and CO, concentration on anthrac-
nose severity was determined from a repeated experiment in a
controlled environment facility (CEF) at CSIRO Plant Industry,
Brisbane, Australia. Internal replications were maintained within
each run of the experiment, and the two runs were treated as
independent replications in time. For controlled environments,
repeats in time is an effective way to replicate an experiment (29).
In each run of the experiment, 15 seedlings each of susceptible S.
scabra ‘Fitzroy’ were grown at 350- or 700-ppm CO, concentra-
tions for 6, 9, or 12 weeks in two separate growth rooms using a
staggered planting schedule. Plants of all three ages were in vege-
tative growth stage 12 according to the Winch system of classifi-
cation of legume growth stage keys (18). Except for CO, concen-
tration, 65/95% day/night relative humidity, 30/25°C day/night
temperature, 12-h photoperiod, and 500 pymol m™ s™' photosyn-
thetic photon flux density were maintained in both growth rooms.
Growth rooms were switched between runs, and the room with
350 ppm CO, during the first run was used for 700 ppm CO, in
the repeat run of the experiment. Six-week-old plants were raised
in plastic cups (4 by 4 cm), and 9- and 12-week-old plants were
raised in plastic pots containing approximately 800 g of sandy
loam soil. Plants were regularly fertilized with a nutrient solution
(Thrive; Arthur Yates and Co., New South Wales, Australia).
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C. gloeosporioides isolate SR24 was grown on oatmeal agar
(2% rolled oats and 2% technical agar) for 7 days under near-UV
light at 25°C. An inoculum suspension was prepared in distilled
water by scraping the surface of cultures and filtering through two
layers of cheesecloth. The inoculum was standardized to 5 x
10° conidia per ml.

Twelve ‘Fitzroy’ plants from each age group at each CO, con-
centration were inoculated by spraying until runoff with a pres-
surized sprayer (Wattyl Jet-Pack, Sydney, New South Wales,
Australia). Of these, four plants were used to determine the num-
ber of conidia deposited on leaves 1 h after inoculation, and the
remaining eight were placed in dew chambers inside their re-
spective CO, growth rooms for 48 h and incubated for another
10 days outside the dew chamber before disease assessment. Be-
fore inoculation, plant height and number of branches and nodes
were recorded on four plants taken at random from the pool of 15
plants per CO, concentration for each age group. Three other
plants from each age group at each CO, were sprayed with sterile
distilled water as disease-free controls and leaf area and above-
ground biomass were recorded from these plants.

To determine the number of conidia deposited on leaf surface,
two infected leaflets per plant were sampled for the 6-week-old
plants. For 9- and 12-week-old plants, the canopy was divided
into two and three vertical layers, respectively, and two leaflets
per layer were sampled per plant. A strip of transparent adhesive
tape was pressed against the upper leaf surface to remove conidia,
mounted on microscope slides, and stained with cotton blue, and
conidia were counted from 10 microscopic fields per leaflet. The
leaf area was measured with a leaf area meter (Li-Cor, Inc., Lin-
coln, NE), and the number of conidia per leaflet was estimated
with the spore counts on adhesive tapes and expressed as conidia
per leaf. Infection efficiency (IE) per leaf was calculated as IE =
lesions/conidia x 100, where lesions is the total number of lesions
per leaf and conidia is the number of conidia deposited per leaf.
Previous work showed that IE is higher on younger leaves than on
older leaves (7). Because young leaves on growing apices of
secondary and tertiary branches are widely distributed within a
canopy, it was not possible to separate leaves according to their
age based on the vertical layers, and data on IE for leaves were
pooled and expressed on a per plant basis.

Both resistant and susceptible cultivars of S. scabra give a
mesothetic reaction to infection, producing a mixture of different
types of lesions on the same leaf (3). For simplicity, anthracnose
lesions were classified as susceptible or resistant, and their num-
ber was recorded 10 days after inoculation for each infected leaf.
Minute brown specks of <0.5 mm in diameter were classed as
resistant lesions and lesions of >0.5 mm with dark brown margin
and gray center as susceptible (3).

The effect of plant age and CO, on each morphological or dis-
ease variable was examined using a summary analysis of variance
with a split-plot design with CO, as the main plot and plant age as
the subplot using SAS (SAS Institute, Cary, NC). Node, lesion,
and spore number were In-transformed, whereas leaf area and IE
were square root-transformed to stabilize variance. Least square
means were used to compare treatment means. In addition, the in-
fluence of plant age within each CO, concentration was further
explored using linear regression analysis.

Field study. ‘Fitzroy’ plants, raised either at 350- or 700-ppm
CO, concentration in the CEF for 12 to 14 weeks, were exposed
to C. gloeosporioides inoculum in the field at the CSIRO Samford
Pasture Research Station (27°22'S, 152°53’E) during the summer
of 1997, 1998, and 1999. To provide a source of inoculum in each
year, three replicate plots, 43.6 m? each (6.6 by 6.6 m), were laid
out with 25 m on all sides to avoid inter-plot interference. These
plots were transplanted with 6-week-old ‘Fitzroy’ plants grown in
peat cups (4 by 4 cm) in a naturally illuminated glasshouse at
ambient CO,. A spacing of 60 cm between and within rows was
used to accommodate 100 plants per plot. Three weeks after trans-



planting, all plants were inoculated with 5 x 103 conidia per ml
(isolate SR24) suspension with a pressurized sprayer (Hozelock
Ltd., Haddenham, England). Plants were inoculated in the evening
to allow adequate surface wetness duration (7) for infection
during the night.

Batches of disease-free Fitzroy plants were raised in plastic
pots (10-cm diameter, 14 cm height) with one plant per pot at
each of the two CO, concentrations in the CEF for 1997 and 1999
seasons. Due to a shortage of CEF space in 1998, plants were
grown in growth cabinets maintained at 350 or 700 ppm CO, at
the Cooperative Research Center for Tropical Plant Protection,
University of Queensland or CSIRO Entomology, Long Pocket
Laboratories, Brisbane. The photosynthetic photon flux density in
these cabinets was lower (200 umol m™ s7!) than in the CEF, but
temperature, relative humidity, and photoperiod settings were the
same. For each batch, three plants from each CO, concentration
were destructively sampled to record leaf area per plant, number
of nodes, and aboveground biomass.

Leaving the two outside rows on all four sides, 49 holes (12-cm
diameter and 15 cm deep to accommodate a single potted plant),
equidistant from the four nearest infected plants, were dug in be-
tween the rows in each field plot. Starting 3 weeks after inocula-
tion of the field plants, batches of disease-free potted Fitzroy
plants from the two CO, concentrations were exposed to C.
gloeosporioides inoculum in the field. Three plants from each
CO, concentration were placed in three randomly selected holes
in each plot on five different dates each in 1997 and 1998 and on
three dates in 1999. Successive batches of plants were exposed
for 48 h. After exposure, plants were transported to a glasshouse
at ambient CO, and placed inside a dew chamber for 48 h at 25 +
5°C and outside the dew chamber in the same glasshouse for
another 10 days before disease and other assessments were made.
The number of resistant and susceptible lesions per leaf was
counted as before.

On two occasions in 1999, the number of C. gloeosporioides
conidia trapped inside the canopy after 48 h in the field was deter-
mined from three replicate plants for each CO, concentration
using one plant from each plot. The entire plant without roots was
dipped in 1 liter of sterile distilled water with 5 drops of 0.1%
Tween 20 in a 2-liter plastic container and shaken in an orbital
shaker for 2 h. The resulting suspension was centrifuged for
20 min at 4,000 rpm, the pellet was resuspended in 25 ml of
distilled water, and conidia were counted from aliquots by a
hemacytometer.

With five dates of exposure in each of 1997 and 1998 and three
dates in 1999, there were 13 dates for the 3 years, and nine plants
from each CO, concentration were exposed on each date. A pre-
liminary analysis of variance showed no significant difference
between the three plots, and for each date, all nine plants at each
CO, concentration were treated as replicates after pooling data for
all plots. Dates were nested within years, and years and CO, con-
centrations were considered as crossed factors in an analyses of
variance. Lesion number and aboveground biomass were In(x + 1)
transformed, while disease severity and leaf area were square root
(x + 0.5) transformed to stabilize variance. Least square means
were used to compare treatment means. Analyses were carried out
using SAS.

RESULTS

Plant growth and morphology. There was no significant
difference between the repeat runs of the CEF experiment. The
plants at 6, 9, and 12 weeks of age at both CO, concentrations
were in vegetative growth stage 12 (18); thus providing three
different canopy sizes among plants of a similar physiological
maturity. The effect of plant age was significant (P < 0.01) for all
morphological attributes (output of analysis not shown). Mean
plant height, number of branches and nodes, aboveground bio-

mass, and leaf area were between 18 and 39% greater at 700 ppm
than at 350-ppm CO, concentration across the three plant ages
(Fig. 1). However, the overall effect of CO, was only significant
(P £ 0.05) for the number of nodes and aboveground biomass.
There was a significant CO,—plant age interaction (P < 0.001) for
height and the number of branches, but not for the other attri-
butes. Nine- and twelve-week-old plants grew significantly taller
with more branches at 700 ppm than at 350 ppm CO,, and above-
ground biomass was significantly greater at 700 ppm for all age
groups. In contrast, significantly greater leaf area at 700 ppm CO,
was only recorded in 12-week-old plants (Fig. 1). This indicates
that aboveground biomass provides the most consistent measure
of increased plant growth at 700 ppm CO,.
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Fig. 1. Number of nodes, aboveground biomass, and leaf area of 6-, 9-, and
12-week-old disease-free Stylosanthes scabra ‘Fitzroy’ grown at 350 and
700 ppm CO,. Least square means with the same letter are not significantly
different at P < 0.05. Data are means of three to four plants in each of two
runs for each age group per CO, concentration.
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Similarly, plants grown for 12 to 14 weeks at 700 ppm CO, in
the CEF for field exposure had up to 28% greater leaf area, 36%
more nodes, and 46% more biomass than plants at 350 ppm CO,
(data not shown). These plants were also in vegetative growth
stage 12 (18), similar to those used in the CEF experiments. Above-
ground biomass, leaf area, and nodes per plant were significantly
greater for plants grown at 700 ppm CO, than at 350 ppm CO; in
each of the 3 years of the study. The lowest aboveground biomass
was recorded in 1998 for plants in growth cabinets with 40%
lower photosynthetic photon flux density than the CEF growth
rooms used in 1997 and 1999; but plants at 700 ppm still had
significantly higher biomass, nodes, and leaf area than those at
350 ppm CO,.

Plant age, canopy size, and anthracnose. The mean number
of susceptible, resistant, and total lesions per leaf averaged over
the three plant ages was significantly (P < 0.05) greater at 350 ppm
than at 700 ppm CO, (data not shown), reflecting the develop-
ment of a level of resistance in susceptible cv. Fitzroy at high
CO,. Plant age also significantly (P < 0.001) influenced the
number of susceptible, resistant, and total lesions per leaf. Both
susceptible and resistant lesions per leaf increased with plant age
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at 350 ppm CO,; at 700 ppm, these increased in 6- and 9-week-
old plants but declined significantly in 12-week-old plants (Fig.
2). For the three age groups, the difference in lesions per leaf
between the two CO, concentrations was only significant for the
12-week-old plants but not for the 6- or 9-week-old plants. At
12 weeks of age, plants at 350 ppm had 60 and 75% more
susceptible and resistant lesions per leaf, respectively, than those
at 700 ppm CO,. The CO,-plant age interaction was not
significant for resistant or susceptible lesions per leaf (data not
shown).

Increased resistance at 700 ppm CO, is clearly evident from the
significant (P < 0.001) reduction in the mean IE. However, the
difference in IE between 350 and 700 ppm CO, was only signifi-
cant for 12-week-old plants (Table 1). Although the overall effect
of plant age on IE was significant (P < 0.05), this was influenced
by the CO, concentration. Unlike at 350 ppm, where IE was sig-
nificantly (P < 0.05) higher at 9 and 12 weeks than at 6 weeks, at
700 ppm CO, there was no significant difference in IE between
plants of different ages (Table 1). This suggests that the enhance-
ment in host resistance at 700 ppm CO, operates irrespective of
plant age.

Susceptible lesions/leaf
s

Resistant lesions/leaf
I

Total lesions/leaf

Plant age (weeks)

Fig. 2. Number of susceptible, resistant, and total anthracnose lesions per plant, A to C, and leaf, D to F, from inoculated plants of Stylosanthes scabra ‘Fitzroy’
grown at 350 and 700 ppm CO, for 6, 9, and 12 weeks after planting. Least square means followed by the same letter are not significantly different at P < 0.05.
Data are means of eight plants in each of two runs for each age group per CO, concentration.
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At the plant level, both CO, (P < 0.05) and plant age (P <
0.001) had a significant effect on total lesions and the CO,—plant
age interaction was significant (P < 0.05) for both types of lesions
(data not shown). Resistant and susceptible lesions per plant,
averaged over all ages, were consistently higher at 350 ppm than
at 700 ppm CO,, but the difference was only significant for total
lesions (data not shown). The large difference among the 12-week-
old plants mainly contributed to the difference between the two
CO, concentrations (Fig. 2). In general, the number of suscepti-
ble, resistant, and total lesions per plant increased with increasing
plant age and canopy size at both CO, concentrations (Fig. 2).
This is despite a significant (P < 0.05) reduction in IE at 700 ppm
CO, among the 12-week-old plants (Table 1).

Linear regression analysis of the influence of plant age on re-
sistant, susceptible, and total lesions per leaf and plant confirmed
the trend observed with the analysis of variance. At 350 ppm CO,,
resistant, susceptible, and total lesions increased with plant age
(Table 2). At 700 ppm CO,, plant age did not significantly influ-
ence resistant, susceptible, or total lesions per leaf due to en-
hanced host resistance; at the plant level, on the other hand, all
types of lesions increased with plant age, because larger plants
offered many more infection sites.

Anthracnose development in the field. The induced resis-
tance in Fitzroy grown at 700 ppm CO, disappeared almost com-
pletely when plants were exposed to inoculum in the field at
ambient CO,. There was no significant difference in lesion
number per leaf between the two CO, concentrations. However,
lesions per leaf were almost always lower in plants from 700 ppm
than those from 350 ppm CO, (Table 3), suggesting that the high
CO, plants may have retained a low level of resistance. The trend
was similar for both the number of susceptible and resistant
lesions per leaf, and data are presented for total lesions per leaf
(Table 3).

TABLE 1. Infection efficiency of Colletotrichum gloeosporioides on 6-, 9-,
and 12-week-old Stylosanthes scabra ‘Fitzroy’ grown at 350 and 700 ppm
CO, in a controlled environment facility

Infection efficiency*

Plant age

(weeks after planting) 350 ppm CO, 700 ppm CO,
6 0.87 Aa 0.85 Aa

9 1.19 Ba 1.10 Aa
12 1.34 Ba 1.04 Ab
Mean 1.13a 1.00 b

% Data, [square root(x + 0.5)] transformed, are means of four plants in each of
two runs for each age group per CO, concentration. In a row, least square
means followed by the same lowercase letter are not significantly different
(P £0.05). In a column, least square means followed by the same uppercase
letter are not significantly different (P < 0.05).

When data for the entire plant were considered, the effect of
canopy size was clearly evident from the significantly increased
mean number of lesions per plant (P < 0.001) for the 700-ppm
CO, plants. Plants with enlarged canopy from 700 ppm CO, had
many more lesions compared with those from 350 ppm in each
year, and the difference was significant for 2 of the 3 years (Table
3). The number of susceptible and resistant lesions per plant also
followed a similar trend (data not shown).

Under field conditions, in which inoculum from the infected
plants was allowed to spread naturally to the exposed plants in
1999, the enlarged canopy of two batches of plants grown at
700 ppm trapped an average of 20% more conidia than plants
grown at 350 ppm CO,. Between 1.2 x 10* and 3.2 x 10* conidia
per plant were recovered from the 700-ppm plants and between
5.4 x 10* and 3 x 10* conidia per plant were recovered from the
350-ppm CO; plants. The consistent trend clearly shows the abil-
ity of the enlarged and dense canopy to trap an increased number
of pathogen conidia. However, the difference between the two
CO, concentrations was not significant due to large variations in
the number of conidia trapped.

DISCUSSION

We have examined the relative importance of canopy size and
host resistance in susceptible S. scabra ‘Fitzroy’ under 350- and
700-ppm CO, concentrations to show that canopy size, brought
about by plants of different age with the same physiological
maturity, modified the effect of induced partial resistance at
700 ppm CO, and the number of anthracnose lesions per plant in-
creased with increasing canopy size. The enhanced resistance of
Fitzroy is clearly evident from an overall reduction in IE of C.
gloeosporioides at high CO,, which causes a reduction in the
number of lesions per leaf. However, a dense and enlarged

TABLE 3. Anthracnose lesions per leaf and plant on 13 different dates in
batches of Stylosanthes scabra ‘Fitzroy’ grown under 350 and 700 ppm CO,
in a controlled environment and exposed to Colletotrichum gloeosporioides
inoculum in the field during a 3-year period

Year”
CO, concen-
AttributeY tration (ppm) 1997 1998 1999
Lesions per leaf 350 041 a 025a 0.14 a
700 0.46 a 0.17 a 0.11a
Lesions per plant 350 3.07a 2.64a 247 a
700 4.01b 3.18b 2.6la

¥ Data, In(x + 1) transformed, are means of nine plants in each of the 13 dates
per CO, concentration.

“ For an attribute, least square means followed by the same letter in a column
are not significantly different at P < 0.05.

TABLE 2. Linear regression analysis of the influence of plant age on anthracnose lesions in Stylosanthes scabra ‘Fitzroy’ plants grown under 350- and 700-ppm

CO, concentrations in a controlled environment

Parameter estimateY

Attribute CO, concentration (ppm) Lesions Intercept Age P> |F*

Lesions per leaf 350 Resistant -0.48 (£0.46)" 0.21 (20.05) <0.001
350 Susceptible 0.43 (£0.39)" 0.13 (£0.04) <0.01
350 Total 0.35 (£0.46)"s 0.19 (+0.05) <0.003
700 Resistant 0.63 (20.64)"s 0.04 (£0.06) <0.56
700 Susceptible 0.71 (£0.46)"s 0.05 (+0.05) <0.27
700 Total 1.06 (£0.64)" 0.06 (+0.07) <0.39

Lesions per plant 350 Resistant —1.81 (£0.76) 0.75 (£0.08) <0.0001
350 Susceptible -0.37 (£0.62)™ 0.62 (+0.06) <0.0001
350 Total —0.33 (£0.67)" 0.68 (+0.07) <0.0001
700 Resistant —0.27 (£1.08)"s 0.55 (+0.11) <0.0008
700 Susceptible —0.09 (£0.68)"s 0.57 (0.07) <0.0001
700 Total 0.47 (£0.84)ns 0.57 (0.09) <0.0001

¥ Values in parentheses are the standard error of the estimate. ns represents a nonsignificant intercept.

“ P> F for plant age parameter estimate.
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canopy at high CO,, with 28 to 46% greater number of nodes,
leaf area, and aboveground biomass, contains more infection sites
to increase the total number of lesions per plant. The number of
lesions per plant increases with increasing plant age at both CO,
concentrations; at 350 ppm, the increase is associated with
canopy size and increasing IE, but at 700 ppm, it is associated
only with canopy size, because IE does not change with increas-
ing age. We have found that the induction of partial resistance in
Fitzroy is transient and it does not persist if plants are removed
from high CO, and exposed to C. gloeosporioides inoculum in
the field under ambient atmospheric CO,. Under field conditions,
up to twice as many lesions per plant were produced in the high
CO, plants, because the enlarged canopy trapped and provided
infection sites to many more pathogen spores.

Previous research (1,12-15,20,21) including our own (4,6,27)
on this and other plant species have demonstrated changes in
plant physiology and morphology at high CO,. In the current
study, increased height, leaf area, aboveground biomass, and
number of branches, nodes, and leaves at 700 ppm CO, made the
canopy large and dense in plants of all three ages in the CEF.
Recent research shows that morphological changes associated
with the production of a dense canopy at high CO, are under-
pinned by changes in plant morphogenesis (27).

Previously, we have shown that IE of C. gloeosporioides is
influenced by the level of resistance in host genotypes and by leaf
age (7). IE is greater on younger, more susceptible leaves than on
older leaves (3,7). Using IE as an indicator of resistance, the pre-
sent work clearly shows that at 350 ppm overall susceptibility of
the canopy increases with increasing age because more young
leaves are produced on secondary and tertiary branches of the
more advanced plants. At 700 ppm CO,, IE did not increase with
increasing plant age despite the presence of many more young
leaves in the enlarged canopy. This points to reduced pathogen
efficiency or an induced partial resistance to anthracnose in Fitz-
roy at 700 ppm CO,. Similarly, the number of resistant, suscep-
tible, and total lesions per leaf increased with increasing plant age
at 350 ppm, but not at 700 ppm CO,. However, there was no
significant difference between the two CO, concentrations when
data for the total number of resistant or susceptible lesions on the
entire plant are considered. Although IE did not increase with age
at 700 ppm CO,, lesions per plant increased with increasing age
at both CO, concentrations to clearly demonstrate the influence of
canopy size.

Induced disease resistance under elevated CO, due to modified
host physiology has been reported in several studies (8,12-14,23).
Some of the changes in plant physiology, anatomy, and morphol-
ogy that have been implicated in increased resistance or can
potentially enhance host resistance at elevated CO, include in-
creased net photosynthesis allowing mobilization of resources
into host resistance (14); reduced stomatal density and conduc-
tance (1,12,23); greater accumulation of carbohydrates in leaves;
more waxes, extra layers of epidermal cells, and increased fiber
content (26); greater number of mesophyll cells (2); and increased
biosynthesis of phenolics (11), among others. C. gloeosporioides
predominantly penetrates Stylosanthes leaf tissue through the
stomatal complex (25) and a reduced stomatal density and con-
ductance may be involved in the augmented host resistance at
700 ppm CO,. However, the loss of resistance in plants following
their removal from high CO, indicates that structural changes in
plant morphology may not be a major contributor to the enhanced
host resistance. There is supportive evidence from barley mildew,
in which removing the epicuticular layer from the leaf surface
had no effect on the development of E. graminis conidia at 350 or
700 ppm CO,, indicating that structural changes such as increased
epicuticular waxes are not responsible for the enhanced resistance
(14). Increased resistance in barley to E. graminis is associated
with increased net photosynthesis (13,14), but this increase at
elevated CO, is transient (9). This is congruent with the rapid loss
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of enhanced resistance in Fitzroy following its removal from a
high CO, concentration. In contrast, a range of physiological,
morphological, and structural changes is associated with the de-
velopment of an enlarged canopy at high CO, (1,15,20,21) and
their effect persists well after the plant is removed from high CO,.
The differential effects of elevated CO, are evident in our field
study where the enlarged canopy size persisted to increase the
overall number of lesions but the induced host resistance failed to
persist once the plants were removed from 700 ppm CO,.

In addition to host resistance, germination, growth, and develop-
ment of many pathogens are affected at high CO, (23), contrib-
uting to a reduced IE and the development of infection by E.
graminis spores is arrested at the appressorial stage (14). Previ-
ously we have demonstrated reduced germination, germ tube
growth, and appressorial production by C. gloeosporioides conidia
at 700 ppm of CO, (6). On leaves of susceptible ‘Fitzroy’, spore
germination was reduced from 53 to 9% at 700 ppm as the
cultivar developed enhanced resistance, whereas germination was
only slightly reduced from 11 to 10% on a partially resistant culti-
var. This clearly shows that the level of host resistance pre-
dominantly determines disease severity at 700 ppm CO, when the
same pathogen isolate infects cultivars with different resistance
levels and the CO,-induced modifications to pathogenesis are
only partly responsible for the reduced severity. Although a re-
duced germination and delayed germ tube growth and appres-
sorial production at 700 ppm CO, extends the incubation period
from 4.16 to 4.49 days and from 4.41 to 5.30 days in the suscep-
tible and resistant cultivars, respectively, the latent period of 6.5
to 7.2 days does not change for either cultivar (6). This is similar
to barley mildew where the effects of enhanced resistance at
700 ppm CO, are most pronounced during prepenetration stages
(13,14); once inside the host tissue, the pathogen rapidly colo-
nizes the host tissue and there is no difference in latent period.

Increased pathogen fecundity at elevated CO, has been demon-
strated in several fungi (8,14) including C. gloeosporioides infect-
ing Fitzroy and other S. scabra cultivars (4,6). The increased
fecundity extends to airborne fungal propagules with concentra-
tions increasing fourfold when Populus tremuloides saplings are
grown under twice ambient CO, and to soil fungi on decompos-
ing leaf litter, which produce fivefold more spores (22). For the
polycyclic C. gloeosporioides, a combination of increased fecun-
dity and enlarged canopy can potentially accelerate pathogen
evolution. In addition, the modified canopy microclimate (23,24)
provides more favorable conditions for anthracnose development
(27). There is evidence that highly aggressive C. gloeosporioides
strains evolve at both 350 and 700 ppm CO, under polycyclic in-
fections despite the pathogen needing additional cycles to over-
come the induced host resistance at high CO, (4). However, the
host population itself would evolve in response to elevated CO,
and it is uncertain whether physiological and other changes as-
sociated with elevated CO, may persist through generations (11)
to offer stable enhancements to host resistance. Long-term studies
of polycyclic epidemics in free-air CO, enrichment facility (32)
are necessary for comprehensive analysis of fecundity, canopy
microclimate, and host resistance.
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