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Abstract: The effects of elevated CO2 (eCO2) levels on field-grown cucumbers have been extensively
studied. However, the variations in photosynthate accumulation in summer-grown cucumbers
simultaneously exposed to eCO2 and varying day-night temperatures (DNF) still remain unexplored.
This study aimed to investigate the effects of DNF different CO2 conditions [ambient CO2 (aCO2;
400–600 µmol mol−1) and eCO2 (800–1000 µmol mol−1)] on dry matter production and dry matter
distribution in summer-grown cucumbers under two DNF treatments (35/10 ◦C and 25/20 ◦C,
day/night). We observed that long-term eCO2 exposure increased C assimilation and photosynthate
accumulation in leaves, resulting in feedback inhibition of the leaf area. Under both DNF treatments,
the total dry matter distribution to fruits under eCO2 conditions was approximately 15% higher than
that under aCO2 conditions. Furthermore, soluble sugar content and C:N ratio increased with long-
term eCO2 exposure, indicating increased C allocation, photosynthate accumulation, and distribution.
However, low night temperatures (LT) inhibited respiration and increased dry matter accumulation
by 30% under eCO2 conditions. Additionally, eCO2 increased fruit fresh weight by 8% and 12% under
both DNF treatments compared to aCO2. This suggests that long-term eCO2 exposure and varying
DNF exhibited different effects through different metabolic mechanisms on cucumber growth at
high temperatures. eCO2 conditions probably increased dry matter distribution to improve fruit
quality, and LT treatment altered the respiration rate to restore photosynthesis, thereby increasing
photosynthate distribution to fruits. Therefore, a combination of CO2 enrichment and DNF can be
used to improve fruit quality and yield at high temperatures.

Keywords: carbon assimilation; day-night temperature; dry matter distribution; growth; photosynthate
accumulation; greenhouse

1. Introduction

The cucumber is one of the most important vegetable crops which is cultivated year-
round in commercial greenhouses. However, in the summer, temperatures above the
optimal range notably affect field conditions, which ultimately decrease fruit quality and
yield [1–4]. To address this issue, greenhouse conditions, including average daily (ADT),
day (DT), and night (NT) temperatures and the DNF difference between DT and NT
(DNF) for the whole cultivation period, are highly regulated. Previous studies have
indicated that both DNF and ADT affect the morphology and developmental rate of the
cucumber, including internode length, dry matter content, number of flower buds, and
secondary metabolism, as well as the field conditions [5–7]. Furthermore, the cucumber
growth rate is more highly affected by ADT than DT or NT individually because an
increase in DT enhances dry weight more than a similar increase in NT [5]. During flower
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development, an increase in negative DNF values considerably decreases the number of
flower buds compared with an increase in positive DNF values. ADT and DNF also exhibit
different effects on cucumber yield; ADT alters the maturation time and yield, whereas
DNF improves fruit quality [8,9]. Therefore, ADT and DNF are important determinants
of plant growth, especially in fruit and vegetable species in which temperature variations
alter development at different stages.

Additionally, elevated CO2 (eCO2) enhances the photosynthetic rate and boosts whole-
canopy photosynthesis. eCO2 also increases leaf area, dry matter content, foliar C:N ratio,
source–sink conditions, fruit quality, and yield [10–12]. Therefore, CO2 enrichment in the
horticultural industry has received a great deal of attention over the past years. Willits
and PEET proved the effect of CO2 on the enrichment time and concentration on the yield
of cucumbers and tomatoes and suggested that the optimum concentration is inversely
related to the length of the enrichment period and enrichment hours [13]. Other researchers
focused on the mean and long-term evaluation of CO2 and determined the effect of CO2 on
the fruit biomass even in the low-radiation conditions [14].

Nonetheless, photosynthate accumulation varies with CO2 levels, exposure time,
and temperature. Short-term CO2 exposure (few days) increases the photosynthetic rate,
whereas the massive photosynthate accumulation under long-term CO2 enrichment (few
weeks to months) results from the negative feedback on photosynthesis, which decreases the
photosynthetic rate and acclimation [15–17]. Furthermore, eCO2 improves C assimilation
rates in the leaf, which further increases photosynthetic acclimation.

Simultaneously, abnormal accumulation of soluble carbohydrates and starch results in
photosynthetic acclimation in fruits [18]. However, massive starch accumulation in leaves
creates a pressure gradient between the leaves and roots, which, in turn, promotes the
distribution of soluble carbohydrates [19]. Moreover, under eCO2 conditions, plants exhibit
high sink–source and flow–source ratios of photosynthetic assimilative C abundance [13].
This suggests that under CO2 enrichment, increasing the K content improves photosyn-
thate distribution from the source (leaf) to the flow (stem) and sink (root) in cucumber
plants. eCO2 probably regulates fertilizer assimilation and improves resistance and fruit
quality under stress and varying climatic conditions [20,21]. Previous studies have also
demonstrated the effects of eCO2 levels on the interactions between CO2 and other envi-
ronmental conditions, including light intensity, water-use efficiency, N management, and
temperature [22].

The cucumber is highly sensitive to high temperatures, suggesting that the effects of
eCO2, particularly in the flowering and fruiting stages, can vary throughout its growing
period during summer [23,24]. However, limited information is available on the combined
effects of DNF and eCO2 levels on photosynthate accumulation and C allocation to different
organs in summer-grown cucumbers.

Here, we investigated the long-term effects of eCO2 levels on the growth of and
C partitioning in greenhouse-grown cucumbers. To this aim, we examined sink-organ
growth, fruit yield, and C:N ratios of cucumbers grown at two NTs (high and low) under
ambient CO2 (aCO2) or eCO2 conditions. This study will provide insights into the growth
response of the cucumber to the combination of eCO2 and DNF and C flow in different
plant organs, which will be beneficial for the management of summer-grown cucumbers in
commercial greenhouses.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiments were conducted in four greenhouses (floor area: 6.0 m2) located
at the Institute of Vegetable and Floriculture Science, National Agriculture and Food
Research Organization, Japan (36.04◦ N, 140.03◦ E). Meteorological data, including solar
radiation, air temperature, CO2 level, and humidity were recorded using a data logger
(GL-1000; Graphtech, Yokohama, Japan) at 10-min intervals. Cucumber seeds, obtained
from Greenway (Saitama Gensyu Ikuseikai Co., Ltd., Saitama, Japan), were sown on 5 May
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and transplanted on 2 June on rockwool slab (Grodan Expert, Grodan BV, Roermond,
The Netherlands) on an elevated bench (0.5 m above the ground) placed at the center of
each greenhouse. The distance between two plants was 0.18 m. The growing beds were
oriented in the north–south direction with every side shoot pinched at two nodes, and old
leaves were pruned every week. A nutrient solution (Otsuka House Solution S1; Otsuka
Agritechno Co., Ltd., Tokyo, Japan), with an electrical conductivity of 0.8–1.2 dS m−1,
was supplied to the growing beds using a drip system. The nutrient of OH-A are N
(260 g m−3), NH4-N (23 g m−3), NO3-N (233 g m−3), P2O5 (120 g m−3), K2O (405 g m−3),
CaO (230 g m−3), MgO (60 g m−3), MnO (l.5 g m−3), B2O3 (1.3 g m−3), Fe (2.7 g m−3), Cu
(0.03g m−3), Zn (0.09 g m−3), and Mo (0.03 g m−3).

2.2. Experimental Design and Treatments

Greenhouses maintained low (LT; 35/10 ± 2 ◦C, day/night) and high (HT; 25/20 ± 2 ◦C,
day/night) NTs using cooling systems that comprised 1.0 m3 water tanks. The water tem-
perature in the cooling systems was maintained at approximately 10 ◦C using heat pumps
(UWYP125A; Daikin Co., Ltd., Tokyo, Japan). The average day and night relative humidi-
ties (RH) were 75 ± 0.1% and 80 ± 0.3%, respectively. CO2 levels in the greenhouses were
monitored using CO2 concentration sensors (CO2 engine K-30; Sense Air Co., Ltd.,Tokyo,
Japan. Plants grown in each greenhouse were subjected to aCO2 (400–600 µmol mol−1)
and eCO2 (HC, 800–1000 µmol mol−1) conditions. The four treatments are shown in
Figures 1 and 2.
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day/night) night temperature (NT) treatments.

2.3. Growth Parameters

The experimental design in the study is randomized completed block design. To esti-
mate the growth and development, six plants were randomly selected from each treatment
for non-destructive measurements at six sampling times: 14/6, 16/6, 23/6, 30/6, 7/7, and
15/7, that is, 14, 21, 28, 35, and 43 d after transplantation, respectively. For these plants,
leaf number and length at each node, total number of leaves, stem length, fruit number,
and number of branches were determined every week. Destructive measurements were
recorded on 1 and 15 July. Mean values of leaf area and fresh and dry weights of plant
organs were determined using four replicates. Leaf area was measured using a leaf area
meter (LI-3100A; Lincoln Co., Ltd., Lincoln, NE, USA). Then, leaves, stems, and fruits were
oven-dried at 80 ◦C for 48 h to measure their dry weights.

Yield was determined using the number and fresh and dry weights of whole and
standard fruits. Thereafter, total C and N content in 10 mg dry powder were measured to
determine the C:N ratio using the Pregl–Dumas method and a CN coder (Jm-1000; J-Science,
Tokyo, Japan).
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Subsequently, soluble sugar and starch content were determined according to Nakano
et al. (1995) [25]. Destructively sampled leaves and stems were oven-dried at 80 ◦C for
at least a week, weighed, and ground. Sucrose was extracted using 80% (v/v) ethanol at
80 ◦C, and its concentration in the supernatant was enzymatically determined using a test
kit (No. 716260; R-Biopharm AG, Darmstadt, Germany). Starch was extracted from the
precipitate, and the concentrations were enzymatically determined using another test kit
(No. 207748; R-Biopharm AG), following the manufacturer’s instructions and a standard
regression plot.

2.4. Statistical Analyses

Statistical analyses were performed using the software Origin (Origin 2021b, OriginLab
Corporation, Northampton, UK). Data were first normalized and transformed and then
subjected to analysis of variance (ANOVA) to determine the effects of CO2 and DNF
treatments on plant growth. Significant differences among treatments were determined
using Tukey–Kramer’s multiple comparison test (p < 0.005).

3. Results
3.1. Effects of CO2 and DNF Treatments on Morphological Parameters and Dry Matter

The morphological characteristics of the cucumber plants cultivated under different
CO2 and DNF treatments are shown in Figure 3. eCO2 exhibited varying effects on cucum-
ber growth and leaf number under LT and HT. In the plants exposed to HT, stem height
decreased by 15% after 43 d of eCO2 exposure; however, eCO2 exhibited no effect on the
plants exposed to LT (Figure 3A). Furthermore, stems were significantly taller (20%) in
plants exposed to HT than those exposed to LT (Figure 3A). Compared to the HT treatment,
the leaves appeared approximately 7% earlier than those in the LT treatment. Nonetheless,
no difference in leaf number was observed in plants exposed to the LT treatment (Figure 3B),
indicating that LT treatment inhibited the effects of eCO2 over long cultivation periods.
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Figure 3. (A) Stem height and (B) leaf number at 14, 21, 28, 35, and 43 d after transplantation under
aCO2 + LT, aCO2 + HT, eCO2 + LT, and eCO2 + HT treatments. Vertical bars represent standard error
(SE) of mean (n = 10). For all variables with the same letter, the difference between the means is not
statistically significant. If two variables have different letters, they are significantly different.

Owing to eCO2 levels throughout the growth period, notable differences in dry matter
accumulation were observed in plants exposed to different DNF treatments (Figure 4). In
the LT treatment, although eCO2 did not affect leaf dry weight, it increased the total dry
weight by 30% (Figure 4). In contrast, eCO2 increased leaf dry weight by 28% without
altering the total dry weight of the plants exposed to HT (Figure 4). Moreover, the eCO2
and DNF treatments exhibited long-term effects on dry matter accumulation compared
with morphological characteristics (Figures 3 and 4). However, variations in dry matter
accumulation were not recorded until 20 d after transplantation (Figure 4).
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3.2. Growth Rate and Photosynthesis

To determine the growth responses under the eCO2 and DNF treatments, we measured
stem length, total leaf number and area, number and weight of fruits and branches, and
number of leaves on branches at harvesting (Table 1). HT markedly increased stem (14.8%)
and internode length, irrespective of CO2 levels. However, branch number increased by
20% under the eCO2 + LT treatment.

Table 1. Analysis of variance (ANOVA) of morphological parameters at harvesting under aCO2 + LT,
aCO2 + HT, eCO2 + LT, and eCO2 + HT treatments. Data represent mean ± SE (n = 6).

CO2
Treatment

Temperature
Treatment

Stem Length
(cm)

Internode
Length (cm) Leaf Number Fruit

Number
Fruit

Weight (g)
Branch

Number
Weight of
Branch (g)

Leaf Number
of Branch Total Leaf Area (cm2)

eCO2 LT 193.67 ± 5.69 b 6.32 ± 0.13 b 30.67 ± 0.58 a 16.50 ± 2.10 a 2071 ± 182 b 10.7 ± 0.58 a 45.47 ± 7.51 a 14.67 ± 2.31 b 11,188.01 ± 1412.00 a

HT 230.67 ± 5.77 a 7.29 ± 0.24 a 31.67 ± 0.53 a 16.50 ± 1.70 a 1958 ± 170 a 9.3 ± 0.58 b 49.67 ± 11.80 b 14.00 ± 1.73 a 10,919.81 ± 1370.93 b

a CO2 LT 196.33 ± 6.81 b 6.47133 ± 0.11 b 30.33 ± 0.58 a 15.2 ± 1.60 a 1867 ± 208 a 9.0 ± 1.58 a 36.87 ± 10.51 b 12.00 ± 4.00 a 10,187.84 ± 1238.68 ab

HT 247.67 ± 6.59 a 7.4281 ± 0.20 a 33.33 ± 0.58 a 15.3 ± 1.90 a 1662 ± 181 b 12.3 ± 1.28 b 48.73 ± 2.93 a 19.67 ± 5.51 b 16,604.81 ± 5283.47 b

ρ-value

CO2 n.s. n.s. ** ** ** * * * **
Temperature *** *** ** ** ** * * * **
Interaction *** *** ** *** *** * * * **

Note: Different lower-case letters in the same column indicate a significant difference among treatments (LSD
multiple range test, p < 0.05, n.s.: non-significant DNFferenc, *: significant at p < 0.05, **: significant at p < 0.01,
***: significant at p < 0.001).

The interaction between the eCO2 and DNF treatments significantly affected the fruit
number and weight at harvesting. eCO2 significantly improved fruit weigh under the LT
treatment. Fruit weight under the eCO2 + LT treatment also increased by 19.7% compared
with that under the aCO2 + HT treatment. Under eCO2 levels, LT increased fruit weight by
5.2% compared with HT. Nonetheless, the difference in fruit weight between LT and HT
treatments was 10.9% under aCO2 levels.

The absolute (AGR) and relative growth rates (RGR), net assimilation rate (NAR), leaf
area ratio (LAR; lamina area per unit plant weight), and specific leaf area (SLA; ratio of leaf
area to its dry weight) of the cucumber plants exposed to the four treatments are shown in
Table 1.

Similar to previous studies, eCO2 levels increased plant growth rate. AGR under
eCO2 + LT, eCO2 + HT, aCO2 + LT, and aCO2 + HT treatments varied from 60.958 g d−1 to
127.335 g d−1, 53.152 g d−1 to 145.530 g d−1, 46.412 g d−1 to 102.841 g d−1, and 44.631 g d−1

to 120.634 g d−1, respectively. Similar results were observed for RGR, indicating increased
carbohydrate accumulation, which favored cucumber growth. Furthermore, NAR was
significantly altered by DNF treatments; LT increased NAR by 11.67% compared with
HT. However, increased dry matter accumulation did not increase LAR; LAR under
eCO2 + LT, eCO2 + HT, aCO2 + LT, and aCO2 + HT treatments varied from 0.012 m2 g−1 to
0.005 m2 g−1, 0.010 m2 g−1 to 0.006 m2 g−1, 0.014 m2 g−1 to 0.006 m2 g−1, and 0.014 m2 g−1

to 0.006 m2 g−1, respectively. Nonetheless, eCO2 significantly decreased (15%) SLA com-
pared with aCO2 under both DNF treatments.

3.3. Synergistic Effects of eCO2 and DNF Treatments on Fruit Yield

We observed the accumulated fresh weight significantly varied from day 10 to the
beginning of harvesting (Figure 5). Polynomial fitting curves of variations in fresh weight
suggested that eCO2 significantly increased fresh weight from the beginning to the end
of harvesting under both DNF treatments. Furthermore, the increase in fresh weight in
LT-treated plants accelerated the increase in accumulated fresh weight. The accumulated
fresh weights exceeded 3000 g and 2500 g in the eCO2 + LT and eCO2 + HT treatments,
respectively, and were approximately 2000 g and 1500 g in the aCO2 + LT and aCO2 + HT
treatments, respectively. Therefore, the eCO2 + LT treatment significantly increased dry
matter accumulation in fruits.

Dry matter distribution in plants was determined on days 0, 14, and 29 after transplan-
tation (Figure 6). Dry matter distribution varied during long-term eCO2 exposure. Initially,
the leaf dry weight was 5.4 g in all the treatments, approximately 80% of the total dry matter.
On day 29 after transplantation, differences in fruit weight were observed between eCO2
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and aCO2 treatments. Under eCO2 conditions, fruit dry weights were 97.6 g and 99.6 g in
the LT and HT treatments, respectively, whereas it was 88.9 g and 80.1 g in the LT and HT
treatments, respectively, under the aCO2 conditions. Increased dry matter accumulation
in eCO2-treated plants can be attributed to increased photosynthesis. Interestingly, in
the long-term eCO2 treatments, more dry matter was distributed to the fruits than the
leaves. Leaf dry weight per plant under eCO2 + LT, eCO2 + HT, aCO2 + LT, and aCO2 + HT
treatments were 81.0 g, 72.5 g, 89.5 g, and 55.5 g, respectively.
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Figure 5. Fruit fresh weight at different harvesting dates under aCO2 + LT, aCO2 + HT, eCO2 + LT,
and eCO2 + HT treatments (n = 6). Error bars indicate SE of mean. Different lowercase letters indicate
significant differences among treatments (p < 0.005).

Both average fruit number and fresh weight per plant did not significantly increase
upon eCO2 treatment (Table 2). However, eCO2 exhibited significant effects on fruit quality
and yield (Table 2). The standard fruit number per plant (16.3 ± 0.5 and 16.8 ± 1.5 for LT
and HT treatments, respectively) and fresh weight (1882.5 ± 50 g and 1998.3 ± 70 g for LT
and HT treatments, respectively) increased by approximately 10% upon eCO2 exposure
compared to aCO2 treatment.

Table 2. ANOVA of absolute (AGR) and relative growth rates (RGR), net assimilation rate (NAR),
and leaf area ratio (LAR) under aCO2 + LT, aCO2 + HT, eCO2 + LT, and eCO2 + HT treatments during
two periods (16/6–1/7 and 1/7–15/7). Data represent mean ± SE (n = 6).

CO2
Treatment

Temperature
Treatment AGR RGR NAR LAR SLA

(g d−1) (g g−1 d−1) (g m2 d−1) (m2 g−1) (m2 g−1)

Periods Periods Periods Periods Periods

6/16–7/1 7/1–7/15 6/16–7/1 7/1–7/15 6/16–7/1 7/1–7/15 6/16–7/1 7/1–7/15 6/16–7/1 7/1–7/15

eCO2 LT 60.958 a 127.335 b 0.149 a 0.075 bc 12.649 a 10.332 c 0.012 b 0.005 b 0.018 c 0.013 d

HT 53.152 b 145.53 a 0.141 b 0.088 b 10.694 b 11.701 b 0.01 c 0.006 a 0.014 d 0.015 c

a CO2 LT 46.412 c 102.841 d 0.133 c 0.105 a 9.113 c 12.498 a 0.014 a 0.006 a 0.022 a 0.017 b

HT 44.631 c 120.634 c 0.131 c 0.086 b 8.987 d 8.627 d 0.014 a 0.006 a 0.021 b 0.018 a

ρ-value

CO2 ** *** ** ** ** *** ** *** ** ***
Temperature n.s. ** n.s. ** ** *** n.s. n.s. ** **
Interaction ** ** ** ** *** *** ** ** ** ***

Note: Different lower-case letters in the same column indicate a significant difference among treatments (LSD
multiple range test, p < 0.05, n.s.: non-significant Differenc, **: significant at p < 0.01, ***: significant at p < 0.001).
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3.4. Effects of eCO2 and DNF Treatments on Carbohydrate Content and C:N Ratio

The effects of the eCO2 and DNF treatments on developing (number: 11–15) and
developed (number: 20–25) leaves are shown in Figure 7. We observed that soluble sugar
and starch content varied between developing and developed leaves. Soluble sugar content
was higher in developed leaves under the eCO2 + HT treatment than in those exposed to
other treatments. However, soluble sugar content did not vary in the developing leaves
under different DNF treatments, except under the aCO2 + HT treatment where the soluble
sugar content slightly increased.

Furthermore, eCO2 levels significantly affected starch content in both developing
and developed leaves (Figure 7). Starch content significantly increased from 80 mg g−1 to
110 mg g−1 and 100 mg g−1 in plants exposed to eCO2 + LT and eCO2 + HT treatments.
Although starch content in developed leaves increased from 60 mg g−1 to 80 mg g−1 under
both DNF treatments, the differences were insignificant.

The C:N ratios in developing and developed leaves, stems, and fruits are shown in
Figure 8. eCO2 significantly affected the C:N ratios in leaves, stems, and fruits. The C:N
ratios of the developing leaves significantly varied between eCO2 + LT and aCO2 + LT
treatments (Figure 8A). Moreover, eCO2 + LT treatment significantly increased the C:N ratio
of the developed leaves by 24.1% (Figure 8B). Furthermore, the C:N ratios of developed
leaves (Figure 8B) and stem (Figure 8C) exhibited similar patterns; the highest C:N ratio
was observed in the eCO2 + LT treatment (16.3 in developed leaves and 22.1 in stem),
whereas the lowest C:N ratio was recorded in the aCO2 + LT treatment (11 in developed
leaves and 16.2 in stem). Nonetheless, DNF treatment exhibited no significant effect on the
C:N ratio of fruits under the eCO2 conditions, as shown Figure 8D.
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Additionally, there were no significant differences in the C:N ratios exposed to the
DNF treatments. However, eCO2 altered the fruit C:N ratios (Figure 8D); the fruit C:N ratios
increased by 10.2% and 19.0% in the eCO2 + LT and eCO2 + HT treatments, respectively,
and the highest fruit C:N ratio (21.5) was observed under the eCO2 + LT treatment.

4. Discussion
4.1. eCO2 and DNF Treatments Affect Photosynthesis, Growth, and Dry Matter Content

Previous studies suggest that eCO2 levels affect plant physiology, growth, and pro-
ductivity [26]. eCO2 promotes the accumulation of secondary metabolites, modulates
secondary metabolism, improves adaptability, photosynthesis, and net assimilation capac-
ity, thereby increasing crop yield [18,27,28]. In addition, few studies have demonstrated the
effects of combinations of eCO2 levels and other environmental factors, including treatment
time (short- and long-term), temperature, light intensity, and water availability, on the
growth of several crop varieties [3,22,26]. Nonetheless, the long-term effects of the eCO2
and DNF treatments on plants cultivated at high temperatures still remain unelucidated.

Few studies have verified that eCO2 levels or high temperatures significantly increase
dry matter content, which can be further enhanced using a combination of high temperature
and CO2 enrichment [29]. However, contrasting results have been reported in other plant
species. Klopotek and Kläring [30] reported that dry matter content was significantly
higher when tomato plants (Solanum lycopersicum L.) were grown at low temperatures. Lee
et al. [26] suggested that plant phenology was increasingly affected by high temperatures
rather than eCO2 levels at all growth stages, and elevated temperatures strongly influenced
dry matter production in annual grasses during the reproductive phase compared to the
vegetative phase.

We observed the long-time photosynthetic responses to eCO2 levels and DNF treat-
ments in this study. It can be found that DNF affected production of photosynthesis, such
as stem growth, dry matter distribution, and leaf development, at high temperatures. The
leaves play a role in photosynthesis, which uses light energy to produce carbohydrates from
the atmospheric CO2. We also observed taller plants with more leaves in the aCO2 + HT
treatment compared to the aCO2 + LT treatment (Figure 1). Moreover, plants exposed to
the aCO2 + LT treatment exhibited higher total and leaf dry matter than those exposed to
the aCO2 + HT treatment (Figure 2). Owing to the high day temperature, photosynthate
accumulation was slower in plants exposed to the aCO2 + LT treatment than those exposed
to the aCO2 + HT treatment. These results indicate that high temperatures promoted dry
matter production and inhibited respiration at night during summer. Compared with aCO2,
eCO2 increased dry matter distribution, which was significantly enhanced under Different
NT. The highest dry matter content was observed in plants exposed to the eCO2 + LT
treatment. These findings are consistent with previous reports on cotton leaves where eCO2
levels or high temperatures increased dry matter content [31–33].

On the hand, the effects of CO2 enrichment on photosynthate accumulation were
observed, such as stem height and leaf number were insignificant in plants exposed to the
aCO2 + LT treatment (Figure 1). We also analyzed variations of photosynthate accumula-
tion by the ANOVA of absolute (AGR) and relative growth rates (RGR), net assimilation
rate (NAR), and leaf area ratio (LAR), as shown in Table 2. These results indicated that
during summer, the impact of DNF on photosynthate accumulation was more significant
than that of CO2 enrichment. Moreover, dry matter accumulation was evident 20 d after
transplantation in all treatments. Therefore, we hypothesized that the sink organ or capacity
was not sufficiently strong enough to consume or mobilize carbohydrates during early
growth stages. Hence, there was no sink limitation at the beginning of the eCO2 treatment.

4.2. eCO2 and DNF Treatments Affects Dry Matter Partition and Fruit Yield

The long-term effects of eCO2 on photosynthetic acclimation can be attributed to
various reasons, including the inhibition of protein synthesis, N partitioning, C:N ratio,
and sink strength [30–34]. C sink strength is a key limiting factor for plant yield, as plants
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exposed to eCO2 levels have limited C sink strength and exhibit decreased photosynthetic
rates to stabilize C source activity and sink capacity [35–38].

In this study, leaf area and total dry matter increased upon eCO2 treatment, and dry
matter distribution to each plant part varied with the growth stage. Although photosynthate
accumulation increased in plants exposed to eCO2 levels, their leaf area decreased; the
total leaf area of plants exposed to the eCO2 + LT and eCO2 + HT treatments were not
significantly larger than those exposed to the aCO2 + LT and aCO2 + HT treatments.

The findings of this study indirectly verified the downregulation of photosynthetic
acclimation in new organs, including branches and fruits, under eCO2 levels (Table 1).
During fruit formation, eCO2 promoted dry matter distribution to fruits compared to
aCO2 (Figure 6). These results are consistent with previous reports on the effects of eCO2,
wherein photosynthate accumulation increased in leaves, and excess dry matter altered
photosynthesis, resulting in its translocation to fruits and other tissues [39].

eCO2 levels affect plant physiology and biochemistry by altering primary and sec-
ondary metabolism, including alterations in biomass, nutrients, functional components,
and hardness [40–42]. Although eCO2 has been employed to enhance photosynthesis and
crop yield, it may deteriorate the nutritional quality of crops, including lettuce, spinach,
and tomato (lycopene content) [43]. In this study, we observed that eCO2 increased the
fresh weight of standard cucumber fruits compared with those grown under the aCO2
conditions; however, the increase in fruit number was insignificant (Table 2). The increase in
fruit quality under eCO2 levels was consistent with the report by Zhang et al. (2017), which
suggested that eCO2 decreased the percentage of small fruits in tomato plants cultivated
under water-limited conditions [7].

A previous study reported that DNF alone exhibited no effect on maturation time and
yield; however, it improved the percentage of first-grade cucumbers [6]. In this study, a
higher fruit number was observed in plants exposed to the LT treatment, irrespective of the
CO2 level. This indicates that fruit number was closely associated with DNF. Nonetheless,
the effects of DNF on the number of standard fruit and yield were insignificant; the number
of standard fruits per plant was 15 for both aCO2 + LT and aCO2 + HT treatments. eCO2
levels improved fruit quality in both DNF treatments, and the numbers of standard fruits
per plant were 16.3 and 16.8 in the eCO2 + LT and eCO2 + HT treatments, respectively.

4.3. eCO2 and DNF Treatments Affects C Flow and C:N Ratios

Alterations in the content of soluble sugar and starch indicate the effects of eCO2 and
varying temperatures on the photosynthetic machinery [44]. Several studies have reported
a direct correlation between photosynthetic acclimation to eCO2 levels and variations
in leaf carbohydrate content [45,46]. This study suggested that the increased content of
soluble sugar and starch and decreased Rubisco content might be partially responsible for
photosynthetic downregulation upon eCO2 exposure. These findings are consistent with
previous reports.

Furthermore, we observed that the content of soluble sugars and starch increased
in both developing and developed leaves under long-term eCO2 exposure (Figure 7).
Compared with developed leaves, developing leaves accumulated more soluble sugars
and starch, which can be attributed to the sensitivity of developing leaves to eCO2 and
high temperatures. These findings are consistent with previous studies [45] which sug-
gest that young leaves are highly sensitive to the environment and resource availabil-
ity. It also showed that the sugar accumulation in fruit depends on the accumulation
of photosynthesis.

This study reports the effects of combined exposure to DNF and eCO2 at high temper-
atures. In this study, sugar content was more strongly correlated with DNF than with eCO2.
The highest carbohydrate content (12.7 mg g−1) was observed in developed leaves exposed
to the eCO2 + HT treatment, which was much higher than that observed in the developed
leaves exposed to the eCO2 + LT treatment (6.4 mg g−1) (Figure 7). Moreover, starch content
was highly affected by the eCO2 levels than the DNF treatments; the starch content in
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plants exposed to eCO2 was much higher than those exposed to aCO2, irrespective of the
DNF treatment. These results indirectly verify that eCO2 mitigates the adverse effects of
high temperatures [7].

The C flow from the leaves supports roots and young organs, such as buds, flowers,
and fruits, via the phloem. It acts as limiting factors for plant growth and crop yield and
plays an important role in N metabolic processes, such as nitrate reduction and assimilation
to support other organs. Under the eCO2 and DNF treatments (Figure 6), it also indicates
that photosynthetic carbon loss can be reduced by using the eCO2 and DNF treatments.

C and N are essential for metabolism, and their bioavailability is tightly coordinated
for optimal plant growth and development. The majority of photosynthates formed during
leaf C assimilation are destined for respiration, storage, or export to other tissues [1,46].
The leaf is the primary C source organ, which acquires C from dry matter to form a C pool
under eCO2 conditions. Therefore, the leaf dry matter was higher in plants exposed to long-
term eCO2 conditions compared with those exposed to aCO2 conditions. These findings
suggest that the LT treatment limited respiration and resulted in the storage of a significant
proportion of the C pool in the leaves, which decreased leaf sink strength and hampered
carbohydrate assimilation. As shown in Table 2, the RGR of cucumber plants exposed
to eCO2 levels did not increase, suggesting that the C sink strength of leaves remained
unaltered upon long-term eCO2 exposure. Therefore, photosynthesis was downregulated
and photosynthates were distributed to other organs, including fruits. These findings are
consistent with those of other studies where excess photosynthates were distributed to stem
or roots under stress conditions [42,44]. In contrast, when NT was constant, photosynthates
were utilized during respiration, thereby increasing the sink strength of recently fixed C,
which resulted in reduced photosynthetic rate in leaves. This is especially important for
plants cultivated under high temperatures and controlled environments of greenhouses.
Thus, we confirmed the mean and long-term evaluation of CO2 and determine the effect
of CO2 on the fruit biomass even in the high-temperature conditions. This means that
the effect of eCO2 on the production agrees well with previous results on the agricultural
response of the cucumber.

Variations in the C:N ratio are important internal indicators of plant growth and
provide feedback on temperature variations in controlled environments [10,45]. Several
hypotheses have been proposed to explain the variations in C:N ratio. Rachmilevitch
et al. [46] reported that eCO2 probably inhibits photorespiration and N assimilation, thereby
limiting the capacity of plants to translocate photosynthates from the leaves. Recently, Dong
et al. [19] reported that the inhibition of N assimilation under eCO2 conditions occurred
prior to the decrease in sink strength. These findings also indicate that long-term exposure
to eCO2 inhibits N assimilation. The higher C:N ratio in plants exposed to eCO2 (Figure 8)
verified abundant photosynthate translocation to fruits and the variations in fruit C: N,
which, in turn, indirectly affirmed the effects of eCO2 levels on fruit quality [34]. These
results also suggest that cucumber plants exhibit plasticity not only in morphology but also
in physiological traits in response to different C availability.

5. Conclusions

This study suggests that long-term eCO2 exposure and DNF treatments affect photo-
synthetic acclimation and yield in summer-grown cucumber at high temperatures. Com-
pared with aCO2, eCO2 increased dry matter accumulation. Furthermore, the DNF treat-
ment significantly increased the effects of CO2 enrichment by inhibiting respiration at night.
We also observed the downregulation of photosynthate distribution to organs other than
leaves, including branches and fruits, under eCO2 conditions. Moreover, we observed
increased photosynthetic distribution to fruits and variations in the fruit C:N ratio. These
findings suggest that although eCO2 levels increased the fresh weight of standard fruits
compared to aCO2, no significant increase was observed in the number of whole fruits.
Therefore, cucumber plants exhibited plasticity in morphology, as well as physiological
traits, in response to C availability and high temperatures.
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