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Abstract. The present study evaluated the development of powdery mildew fungus
(Podosphaera xanthii) on leaves of cucumber (Cucumis sativus L.) acclimatized to
different CO2 concentrations ([CO2]) to examine plant–pathogen interactions under
the wide range of [CO2] that can occur in greenhouse cultivation. Seedlings of resistant
and nonresistant cultivars were acclimatized to reduced (200 mmol·molL1), ambient
(400 mmol·molL1), or elevated (1000 mmol·molL1) [CO2]. Powdery mildew spores were
inoculated onto the adaxial surface of cotyledons or first true leaves, and colonization was
measured after 7 days. Colony density decreased as acclimatization [CO2] increased at
the cotyledon stage but increased at the first-true-leaf stage in both cultivars. This result
implies that when the effects of [CO2] on plant–pathogen interactions are described,
growing stage must be specified. The acclimatization [CO2] was correlated positively
with leaf mass per area, dry matter content, and carbon (C) content and negatively with
nitrogen (N) content at both stages. Therefore, these leaf properties could not explain the
changes in host-plant susceptibility between stages. The effect of acclimatization [CO2]
was greater on the resistant cultivar than on the nonresistant cultivar, indicating that the
resistant cultivar was more responsive.

The [CO2] in greenhouse cultivation
during daylight hours is often lower than
the atmospheric level, possibly as low as
200 mmol·mol–1 when ventilation is limited
(Kl€aring et al., 2007; S�anchez-Guerrero
et al., 2005). In such cases, CO2 fertilization
can avoid the inhibition of photosynthesis
and effects on plant growth (Mortensen,
1987; Nilsen et al., 1983). Low [CO2] might
also affect plant characteristics such as re-
sistance to biotic stresses, because when
photosynthesis is limited, plants might not
allocate sufficient resources to defense re-
sponses (Bazzaz et al., 1987; Bryant et al.,
1983). Resistance to biotic stresses might
have been lower under the lower ambient
[CO2] levels of the past (Sage and Cowling,
1999), but this possibility has not been well
studied experimentally.

The effects of [CO2] on the development
of foliar diseases has been investigated at
[CO2] from atmospheric (�380 mmol·mol–1)
to higher (650–800 mmol·mol–1) levels, cov-
ering the possible range of [CO2] expected in
the future. Several studies reported that
higher [CO2] suppresses the development of
foliar diseases (e.g., powdery mildew, blight,
leaf spot) in some plant species through
changes in leaf properties that defend against
infection and the development of pathogens
(Manning and Tiedemann, 1995; Mathur
et al., 2013; McElrone et al., 2005; Strengbom
and Reich, 2006), although conflicting re-
sults were also reported (Kobayashi et al.,
2006; Lake and Wade, 2009). It had been
suggested that a greater leaf mass per area
and lower N content and the consequent
increase in C:N ratio of host plant at higher
[CO2] suppress the development of foliar
diseases. Physiological responses opposite
to those observed under higher [CO2] are
likely to occur under lower [CO2] because of
the reduction in C uptake due to photosyn-
thetic reduction (Gerhart and Ward, 2010;
Sage, 1995).

The present study evaluated the develop-
ment of powdery mildew, a foliar disease
caused by the fungus P. xanthii, on leaves of
cucumber (C. sativus L.) acclimatized to
[CO2] levels both lower and higher than
atmospheric, and investigated the relationships
between susceptibility and leaf properties.

The goal was to evaluate plant–pathogen in-
teractions under the low to high [CO2], which
can occur in greenhouse cultivation.

Materials and Methods

Plant materials and growth conditions.
The trials used the nonresistant cultivar
Hokushin (Takii & Co. Ltd., Kyoto, Japan)
and the resistant cultivar Tokiwa 333 (Tokiwa
Co. Ltd., Saitama, Japan). The study examined
susceptibility and leaf properties of host-plant
in both cotyledons and first true leaves, in
which leaf structures and functions differ, and
so different responses to [CO2] are likely.

Seeds were sown in vermiculite in plastic
pots (60 mm diameter, 55 mm height), which
were placed in growth chambers (Ikeya Co.
Ltd., Kashiba, Japan) maintained at reduced
(�200 ± 20 mmol·mol–1), ambient (�400 ±
20 mmol·mol–1), or elevated (�1000 ±
20 mmol·mol–1) [CO2] during the light period.
The [CO2] was controlled by a CO2 controller
(Ace Point Systems Inc., Osaka, Japan) con-
nected to an infrared gas analyzer (CO2

Engine K30; SenseAir, Delsbo, Sweden).
When the [CO2] decreased below the set
level, CO2 was supplied from a gas cylinder.
For the reduced [CO2] treatment, CO2 absor-
bent (soda-lime; Hayashi Pure Chemical Ind.
Ltd., Osaka, Japan) was placed in the growth
chamber to remove CO2 continuously. The
[CO2] during the dark period was not con-
trolled, but did not increased drastically; the
maximum [CO2] during the dark period was
�300, 600, and 1400 mmol·mol–1 for re-
duced, ambient, and elevated [CO2] treat-
ment, respectively. The growth chambers
were maintained at an air temperature of
28 �C, a relative humidity of 50%, and
a photosynthetic photon flux (PPF) of
350 mmol·m–2·s–1 provided by fluorescent
lamps (FPL55EX-N; Panasonic Corp., Kadoma,
Japan) under a light:dark cycle of 16:8 h. The
pots were placed in nutrient solution (A-type
recipe of OAT Solution; OAT Agrio Co. Ltd.,
Tokyo, Japan) 5 to 10 mm deep.

Inoculation test at the cotyledon stage.
Plants were inoculated at the cotyledon stage
in three sequential trials with ‘Hokushin’ and
one trial with ‘Tokiwa 333’, simultaneous
with the third trial of ‘Hokushin’. The num-
ber of replicates was n = 10 for each trial.

When the cotyledons had expanded and
the first true leaf had begun to emerge, 10
seedlings in each treatment were sprayed
with a suspension of P. xanthii spores onto
the adaxial surface of the cotyledons (Itagaki
et al., 2014; Shibuya et al., 2011). The
concentrations were 3.03 · 106 spores/mL
in trial 1, 0.89 · 106 spores/mL in trial 2, and
3.05 · 106 spores/mL in trial 3. The seedlings
were then placed in another growth chamber
(LPH-220SP; Nippon Medical & Chemical
Instruments Co., Ltd., Osaka, Japan) main-
tained as before but with a PPF of
200 mmol·m–2·s–1 provided by fluorescent
lamps (FL20SEX-N-HG; NEC Lighting
Ltd., Tokyo, Japan). The [CO2] in this
chamber was not controlled and was �400
mmol·mol–1 during the photoperiod. Colonies
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of P. xanthii on the adaxial leaf surfaces were
counted 7 d after inoculation. The colony
density was calculated by dividing the num-
ber of colonies by the leaf area.

Inoculation test at the first-true-leaf stage.
Plants were inoculated at the first-true-leaf
stage in three sequential trials with ‘Hokushin’
and one trial with ‘Tokiwa 333’, simultaneous
with the third trial of ‘Hokushin’. The growth
conditions were the same as in the cotyledon-
stage test.When the first true leaf had expanded
and the second true leaf had begun to emerge,
10 seedlings of ‘Hokushin’ in trials 1 and 2, 15
of ‘Hokushin’ in trial 3, and 15 of ‘Tokiwa 333’
were inoculated as above at 0.74 · 106 spores/
mL in trial 1, 1.42 · 106 spores/mL in trial 2,
and 0.68 · 106 spores/mL in trial 3.

Determination of leaf properties.The fresh
weight, dry mass, and leaf area of 10 seedlings
from each [CO2] treatment in the cotyledon
test and 15 seedlings in the first-true-leaf test
were measured, and leaf mass per area (LMA)
and dry matter content (DMC) were calcu-
lated. The C and N contents were also de-
termined with a CN Elemental Analyzer (2400
Series II; PerkinElmer Inc., Waltham, MA).
All properties were measured once.

Statistical analysis. The effects of [CO2]
on colony density were determined by one-
way analysis of variance (ANOVA) for each
trial. The LMA, DMC, and C and N contents
were also compared by one-way ANOVA.

The interaction effect of [CO2] and cultivar
(in trial 3) on colony density was determined
by two-way ANOVA.

Results

Acclimatization [CO2] had a significant
effect on P. xanthii colony density at both the
cotyledon and first-true-leaf stages (Fig. 1;
Table 1), but the trend differed between
stages. The difference in density of spore
suspension between the trials probably did
not influence the results of inoculation tests,
because there were no significant relation-
ships between the spore suspension density
and the colony density (details not shown).

In the cotyledon test, the colony density
decreased as acclimatization [CO2] increased,

but the slope was greater below ambient
[CO2] than above (Fig. 1). In the nonresistant
‘Hokushin’, the colony density on seedlings
acclimatized to reduced and elevated [CO2]
was 1.48· and 0.90·, respectively, that of
ambient [CO2]. In the resistant ‘Tokiwa 333’,
it was 2.12· and 0.49·, respectively. There
was a significant interaction between the
effects of acclimatization [CO2] and cultivar
on colony density (Table 2): the effect of
acclimatization [CO2] was greater in the
resistant cultivar than in the nonresistant
cultivar, although the colony density was
significantly lower in the nonresistant culti-
var because of the difference in the initial
level of resistance (Fig. 1).

In the first-true-leaf test, the colony den-
sity instead increased as acclimatization

Fig. 1. Colony density of powdery mildew fungus 7 d after inoculation on seedlings of the nonresistant cultivar Hokushin and the resistant cultivar Tokiwa 333
acclimatized to reduced (200 mmol·mol–1), ambient (400 mmol·mol–1), or elevated (1000 mmol·mol–1) CO2 concentrations ([CO2]). Average values of three
trials are shown for the nonresistant cultivar. Average values of replicate plants are shown for the resistant cultivar (cotyledon stage, n = 10; first-true-leaf
stage, n = 15). The results of one-way analysis of variance are shown in Tables 1 and 2.

Table 1. Results of one-way analysis of variance in trials of nonresistant cultivar Hokushin and resistant
cultivar Tokiwa 333 to test the effects of CO2 concentrations on powdery mildew colony density at the
cotyledon and first-true-leaf stages.

Nonresistant

ResistantTrial 1 Trial 2 Trial 3

Cotyledon stage df 2 2 2 2
F 8.8 59.8 15.8 13.6
P 0.001 <0.001 <0.001 <0.001

First-true-leaf stage df 2 2 2 2
F 13.2 16.0 10.14 7.5
P <0.001 <0.001 <0.001 0.002

Cotyledon stage, n = 10, all trials; first-true-leaf stage, n = 10, trials 1 and 2; n = 15, trial 3 and resistant
cultivar.
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[CO2] increased (Fig. 1). In the nonresistant
‘Hokushin’, the colony density of seedlings
acclimatized to reduced and elevated [CO2]
was 0.88· and 1.33·, respectively, that of
ambient [CO2]. In the resistant ‘Tokiwa 333’,

it was 0.65· and 1.24·, respectively. Again,
there was a significant interaction between
the effects of acclimatization [CO2] and
cultivar on colony density (Table 2): the
effect of acclimatization [CO2] was again

greater in the resistant cultivar than in the
nonresistant cultivar (Fig. 1).

At both growth stages, there were signifi-
cant effects of [CO2] on LMA, DMC, and C
and N contents in both cultivars (Fig. 2). LMA
and DMC increased as acclimatization [CO2]
increased. C increased and N decreased as
acclimatization [CO2] increased. TheC:N ratio
thereby increased as acclimatization [CO2]
increased (data not shown). DMC and C were
greater at the first-true-leaf stage than at the
cotyledon stage (P < 0.001, details not shown).

Discussion

The results show that the development of
powdery mildew is affected by acclimatization

Table 2. Results of two-way analysis of variance of effects of cultivar and CO2 concentrations ([CO2]) on
powdery mildew colony density in seedlings of nonresistant cultivar Hokushin (trial 3) and resistant
cultivar Tokiwa 333 (tested simultaneously) at the cotyledon and first-true-leaf stages.

df F P

Cotyledon stage Cultivar 1 663.9 <0.001
[CO2] 2 20.5 <0.001
Cultivar · [CO2] 2 11.0 <0.001

First-true-leaf stage Cultivar 1 41.0 <0.001
[CO2] 2 8.82 <0.001
Cultivar · [CO2] 2 4.96 0.009

Cotyledon stage, n = 10; first-true-leaf stage, n = 15.

Fig. 2. Leaf mass per area (LMA), dry matter content (DMC), and carbon (C) and nitrogen (N) contents of nonresistant cultivar Hokushin and resistant cultivar
Tokiwa 333 just after acclimatization to reduced (200 mmol·mol–1), ambient (400 mmol·mol–1), or elevated (1000 mmol·mol–1) CO2 concentrations ([CO2]) at
the cotyledon or first-true-leaf stage. Average values of replicate plants are shown (cotyledon stage, n = 10; first-true-leaf stage, n = 15).
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[CO2] at both lower and higher than ambient
levels through changes in host-plant properties.
The increases in [CO2] during the dark period
in each treatment group probably did not
influence the leaf properties of the acclimated
seedlings, because the increases occurred
within the range in which dark respiration
was generally not influenced (Jahnke and
Krewitt, 2002). Because the powdery mildew
fungus invades the leaf through the epidermis,
not through the stomata, the differences in
colony density between [CO2] treatments are
related to the penetration and development of
the fungus. The effect of acclimatization [CO2]
on host-plant susceptibility was greater at
lower [CO2] than at higher [CO2] at both leaf
stages. However, the effect was positive at the
cotyledon stage and negative at the first-true-
leaf stage. Previous studies of the effect of
[CO2] on host-plant susceptibility using a vari-
ety of materials and methods (e.g., [CO2],
growing condition, host plant, and foliar dis-
ease) reported conflicting results (Eastburn
et al., 2011; Lake andWade, 2009). This result
reveals different effects of [CO2] between
growing stages in the same plant species. The
difference may be due to differences in struc-
ture and physiological functions between cot-
yledons and true leaves, and may partly
explain the previous conflicting results.

The LMA and N contents of the host
plants are generally involved in plant suscep-
tibility to pathogens (Eastburn et al., 2011;
Mathur et al., 2013; McElrone et al., 2005).
An increase in LMA and a decrease in N
content and the consequent increase in the
C:N ratio might reduce susceptibility to pow-
dery mildew (Feng et al., 2009; Itagaki et al.,
2014; Mathur et al., 2013; McElrone et al.,
2005; Wright and Cannon, 2001). These
relationships between host-plant properties
and plant susceptibility support the results in
the cotyledon test but not in the first-true-leaf
test. Thus, the change in plant susceptibility
cannot easily be explained by the LMA, N
content, and C:N ratio at both stages, and
therefore, other properties must be involved.

The increase in DMC and C contents may
have increased the host-plant susceptibility
through an increase in C sources for the devel-
opment of powdery mildew (Abood and L€osel,
2003;Ayres et al., 1996). C sources are themain
components taken up by powdery mildews
(Hall and Williams, 2000). Although there
was no interaction effect between these proper-
ties and growth stage (details not shown), the
absolute values of these contents were higher in
the first true leaves than in the cotyledons. That
is, although the increase in these values did not
explain the increase in susceptibility, the higher
range of values at the first-true-leaf stage may
have increased the susceptibility. This inability
to clarify why the effect of acclimatization
[CO2] on host-plant susceptibility differed be-
tween the growth stages implies that several

factors related to host-plant susceptibility may
interact in a complex manner.

The effects of acclimatization [CO2] on the
susceptibility of the resistant cultivar Tokiwa
333 at both leaf stages were similar to but
greater than those of Hokushin. This greater
effect may indicate that ‘Tokiwa 333’ was
more responsive to the effects of acclimatiza-
tion [CO2]. However, the basic mechanism
for the difference in resistance between
‘Hokushin’ and ‘Tokiwa 333’ is still un-
known. To elucidate the relationship between
[CO2] and host-plant susceptibility, the phys-
iological responses and corresponding behav-
ior of the pathogen should be more closely
examined in a wider range of cultivars.

In conclusion, these results reveal that
acclimatization [CO2] both below and above
ambient levels affect the development of
powdery mildew. The effect on host-plant
susceptibility tended to be greater at reduced
[CO2] than at elevated [CO2]. Thus, the effect
of [CO2] on disease development through
host-plant properties must be considered,
especially under CO2 starvation condition.
The difference in effect between the cotyle-
don and first-true-leaf stages suggests that the
growth stage must be specified when the
effects of environmental factors on plant–
pathogen interactions are described.
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