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Article 

Optimizing Cucumber Fruit Metabolomics under 
Elevated CO2 and High-Temperature Stress in 
Protected Horticulture 
Xian Du, Yang Song, Lu Pan and Shimao Cui * 

College of Horticulture and Plant Protection, Inner Mongolia Agricultural University, Hohhot 010018, China 
* Correspondence: cuishimao@sina.com  

Abstract: Elevated carbon dioxide concentrations can mitigate significant threats posed by high-temperature 
stress to cucumber fruit yield and quality during summer. To investigate the potential metabolic mechanisms, 
this study employed untargeted metabolomics methods to analyze the effects of varying temperatures and 
carbon dioxide concentrations on the metabolomic profiles of cucumber fruits. Under high-temperature stress, 
elevated carbon dioxide concentrations altered 27 differential metabolites, including tyramine, xylitol, linolenic 
acid, L-asparagine, α-linolenic acid, and L-phenylalanine. These alterations are associated with the metabolic 
pathways of alanine, aspartate, glutamate, glutathione, glyoxylate, and dicarboxylic acids. Compared to the 
addition of carbon dioxide at normal temperatures, elevated carbon dioxide at high temperatures modified 38 
differential metabolites, including vitamin B6, L-citrulline, inositol, L-aspartic acid, sucrose, and palmitic acid. 
These modifications were linked to the galactose metabolic pathway and the zeatin and arginine biosynthetic 
pathways. The accumulation of cysteine, glutamic acid, and glycine is essential for the formation of antioxidant 
glutathione; thus, cucumber fruits with higher amino acid content exhibit an enhanced capacity to withstand 
severe high-temperature stress. Under high-temperature conditions, elevated carbon dioxide adds complexity 
to the changes in differential metabolites within cucumber fruits. These fruits accumulate sugars, organic acids, 
and amino acids through the galactose metabolism pathway (map00052), the arginine biosynthesis pathway 
(map00220), and the glutamate synthesis pathway (map00250), thereby improving their heat resistance. 

Keywords: high temperature;CO2; cucumber fruit; physiology; metabolomics 
 

1. Introduction 

Amidst the ongoing global climate change, protected horticulture is essential to ensure food 
security and promote sustainable agriculture. While long-term climate change affects the cultivated 
land area and cropping systems, short-term abiotic stresses faced by horticultural crops during their 
fruiting period frequently result in seasonal yield reductions or total crop failure, a leading cause of 
global horticultural crop loss.[1,2].  

Cucumber (Cucumis sativus L.) is one of the most widely cultivated and economically significant 
vegetables worldwide[3]. High temperatures harm cucumber production in greenhouses, where 
optimal photosynthesis occurs between 25-33 °C[4]. Open field temperatures can exceed 38 °C during 
summer, while greenhouse temperatures can exceed 45 °C. Prolonged heat stress adversely affects 
cucumber transpiration, respiration, and photosynthesis, reducing growth and yield and negatively 
impacting the content of organic acids, vitamin C, soluble protein, and soluble sugars in cucumber 
fruits[5]. Additionally, the enclosed structure of greenhouses restricts internal and external gas 
exchange. Although atmospheric CO2 levels increase annually, they remain at 380 μmol/mol, only 
30% of the optimal level for plant photosynthesis[6]. This CO2 deficiency directly impedes 
photosynthesis and the accumulation of nutrients in leaves. According to the model proposed by 
Schapendonk et al.[7], greenhouse CO2 deficiency could decrease cucumber net assimilation by 15% 
and long-term yields by 11%. Our previous studies have demonstrated that under high temperature 
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conditions (45 °C), increasing CO2 levels can significantly enhance the net photosynthetic rate of 
cucumber during the photosynthetic 'noon break' period, expand the suitable temperature range for 
photosynthesis, promote leaf growth, delay plant senescence, and increase biomass production, as 
well as the sugar and organic acid content in cucumber fruits[8]. Furthermore, elevated CO2 levels 
help regulate the expression of differential proteins associated with various biological processes[9]. 
While considerable knowledge exists about the role of elevated CO2 in alleviating the detrimental 
effects of high-temperature stress on plants, there is an urgent need for research to elucidate the 
impact of elevated CO2 in conjunction with high-temperature stress on horticultural plant 
metabolites. This understanding is critical in light of the pressing challenges of climate change and 
food security. 

Recently, metabolomics technology has been extensively used to analyze metabolic networks 
associated with plant growth, development, and responses to abiotic stress[10]. Increased soluble 
sugars and amino acid concentrations are recognized as generalized heat response mechanisms in 
various plant species. The accumulation of primary metabolites, such as carbohydrates, enhances the 
stability of proteins and the bilayer structure of the cell membrane[11]. Elevated levels of pipecolic 
acid, oleic acid, and raffinose may signify that these metabolites serve as first-line defense 
mechanisms for cucumbers against heat stress[12,13]. The ascorbic acid (ASA) accumulation in 
tomato fruits has improved fruit quality and alleviated abiotic stress[14]. Ecometabolomic studies 
indicate that the metabolites that increase most significantly in plants under elevated atmospheric 
CO2 levels are terpenes and soluble sugars, particularly the monosaccharides galactose, glucose, and 
fructose. This suggests that increases in newly photosynthesized carbon trigger the immediate 
accumulation of photosynthetic products[15]. Furthermore, elevated CO2 levels facilitate the 
accumulation of carbohydrates, 1,2,3-trihydroxy benzene, pyrocatechol, glutamate, and L-
gluconolactone, enabling cucumber seedlings to adapt to severe drought conditions[16].  

The commercial value of cucumbers is closely linked to the quality of the fruit, which is directly 
influenced by the growth environment. Currently, most studies utilizing artificial climate chambers, 
pot experiments, and controlled indoor environments have focused on the individual effects of 
carbon dioxide and elevated temperatures on various crops' phenology, physiology, and 
biochemistry [17–20]. However, there have been no prior reports on metabolomics investigations of 
cucumber fruit subjected to elevated CO2 and high-temperature stress. This study aimed to elucidate 
the response mechanisms of cucumber fruit metabolomics under elevated CO2 and high-temperature 
stress and explore the potential benefits of elevated CO2 in mitigating the adverse effects of high 
temperatures. This study included physiological analysis, assessing factors such as fruit size, number 
of fruits per plant, weight of individual fruits, yield per plant, total number of fruits, total weight of 
fruits, ascorbic acid content, nitrite content, soluble sugar content, and starch content, alongside 
metabolomics analysis utilizing ultra-high performance liquid chromatography quadrupole time-of-
flight mass spectrometry (UHPLC-Q-TOF MS). Special attention was given to the changes in 
differential metabolites and metabolic pathways under varying treatment conditions and how these 
alterations impact the quality of cucumber fruits. The findings of this research contribute valuable 
insights into the environmental adaptability of protected horticultural crops and the application of 
carbon dioxide fertilization technology, providing a theoretical foundation for utilizing exogenous 
metabolites to enhance the heat resistance of cucumbers. 

2. Materials and Methods 

2.1. Plant Material, Growth Conditions, and Experimental Design 

The experiment was conducted at the Free Air Temperature Elevation Facility (FATE) of Inner 
Mongolia Agricultural University, located in the Saihan District of Hohhot, Inner Mongolia 
Autonomous Region, China (111°41′E, 40°48′N). The greenhouse measures 45 m in length, 7.5 m in 
width, and 4.2 m in height at the ridge. The test material was cucumber (Cucumis sativus L., ‘Jinyou 
No. 35’) obtained from the Tianjin Kernel Cucumber Research Institute in Tianjin. This variety is 
classified as a North China-type cucumber characterized by its robust parthenocarpy, rapid fruit 
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growth rate, and resistance to downy mildew, powdery mildew, and fusarium wilt. It has exhibited 
exceptional performance in protected cultivation across northern China. Uniformly germinated seeds 
were chosen and sown in black plastic seedling pots (10 cm in diameter and 9 cm in height) filled 
with a mixture of peat, vermiculite, and perlite in a volume ratio of 3:1:1. They were subsequently 
placed in a nursery garden. Following the emergence of four to five true leaves, seedlings exhibiting 
robust main stems, well-developed root systems, and consistent growth were selected for 
transplantation into the greenhouse for soil cultivation. Before transplantation, uniform 
measurements of the greenhouse soil indices were taken: alkali hydrolyzable nitrogen content was 
41.3 mg/kg, available phosphorus content was 13.5 mg/kg, available potassium content was 123.7 
mg/kg, organic matter content was 11.9 g/kg, conductivity was 516.7 ms/cm, and pH was 7.42. The 
experiment was designed as a randomized complete block design, comprising control and three 
treatments: the control treatment maintained a normal temperature of 25 to 35 °C with an ambient 
CO2 concentration of 400±20 μmol/mol (FC); the second treatment maintained high temperatures of 
35 to 45 °C with an ambient CO2 concentration of 400±20 μmol/mol (FT1); the third treatment 
involved a normal temperature of 25 to 35 °C with an elevated CO2 concentration of 1200±20 
μmol/mol (FT2); and the fourth treatment involved high temperatures of 35 to 45 °C with an elevated 
CO2 concentration of 1200±20 μmol/mol (FT3).  

Three replicates were established, each containing 12 cucumber seedlings, resulting in 36 
biological replicates per treatment (12 seedlings × 3 replicates). Each treatment area measured 16.5 
m², and cultivation was conducted in a ridge double-row strip mode, with row spacing of 50 cm and 
plant spacing of 30 cm. The treatments were closed and independent of one another. A drip irrigation 
belt was employed for uniform irrigation. Throughout the experiment, the soil water content for each 
treatment was maintained at 70 to 80% of the maximum water holding capacity in the field. The 
greenhouse experiment was conducted from May to July during the summer (based on the local 
standard for seasonal division in the Inner Mongolia Autonomous Region, defined as an average 
temperature exceeding 20 °C for 5 consecutive days). After the initial flowering stage of the 
cucumber, throughout the fruiting period ( 35 days ), the FT2 and FT3 treatments were enriched with 
CO2 at a concentration of 1200 ± 20 μmol/mol, while the FC and FT1 treatments were maintained at 
an ambient CO2 level of approximately 400 μmol/mol. CO2 enrichment occurred daily from 7:00 to 
12:00 a.m. for a duration of 5 hours. CO2 was supplied from a compressed gas cylinder, controlled by 
a solenoid valve, and was automatically injected into the greenhouse to sustain the target 
concentration. The concentration was monitored using a CO2 measuring instrument (TESTO 535; 
Germany). The CO2-enriched treatment group was ensured to maintain a uniform CO2 concentration 
throughout the experiment. Other environmental parameters and agronomic management practices 
were consistent, except for temperature and CO2 concentration variations. 

2.2. Measurements of Environmental Factors, Morphological and Physiological Parameters 

Every day, from 7 a.m. to 5 p.m., the RC-4HC temperature and humidity recorder (Jingchuang 
Electric Company, Jiangsu) and the illuminance meter (Luge Technology Co., Ltd., Hangzhou) 
continuously measured temperature, humidity, and light intensity in the greenhouse. The CO2 
measurement instrument (TESTO 535, Germany) detected CO2 concentration in each treatment 
during the test period. Diurnal variations in greenhouse environmental factors were analyzed under 
different treatments. The quality identification period for fruit and vegetable products is contingent 
upon their optimal edible or processing maturity, with cucumbers being suitable for harvest at the 
tender stage of fruit development. The sampling method adhered to the Chinese National Standard 
Sample for Fresh Fruits and Vegetables (GB 88555-88). Following the commencement of the test, the 
total number and weight of cucumber fruits were recorded according to the commercial standard 
throughout the fruiting period ( 35 days ). Measurements of the length and diameter of the cucumber 
fruits were taken, and calculations were made for the number of fruits per plant, the weight of each 
fruit, and the yield per plant. At 21 days after the initiation of treatment (full fruit period), eight 
cucumber plants were randomly selected from each treatment group at 10 a.m. The premarked 
cucumber fruits developed for 14 days following flowering were harvested from the area near the 
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third layer of functional leaves. Consistent attention was paid to the fruit's position, size, and 
maturity during sampling. The contents of soluble sugar, starch, ascorbic acid, and nitrite were 
subsequently determined. The soluble sugar content of the fruits was measured using anthrone 
sulfuric acid colorimetry[21], while the starch content was assessed through perchloric acid 
hydrolysis and anthrone colorimetry[22]. The ascorbic acid (vitamin C) content was determined 
using the method specified in China's national standard for analyzing vitamin C in fruits and 
vegetables (GB6195-86), which employs the colorimetric method. Using the colorimetric method, 
nitrite levels were assessed according to China's national standard for determining nitrite and nitrate 
content in fruits, vegetables, and related products (GB/T15401-1994). The test kit was purchased from 
the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 

Morphological and physiological parameter data were expressed as mean ± standard deviation 
(SD). Statistical analysis was performed using SPSS 22.0 (IBM SPSS Statistics 22.0, USA), including 
one-way and two-way ANOVA. Before variance analysis, the processed data's normal distribution 
and homogeneity of variance were evaluated. In cases where the data did not meet the criteria for 
normal distribution and homogeneity of variance, the Scheirer-Ray-Hare rank-based test was 
employed. For significant results from variance analysis, the Tukey test was utilized to compare 
significant differences between treatments at a significance level of P < 0.05. Graphical representations 
were created using GraphPad Prism 9.0. 

2.3. Preparation of Samples for UHPLC-Q-TOF MS and Data Processing 

At 21 days after the initiation of treatment (full fruit period), eight cucumber plants were 
randomly selected from each treatment group at 10 a.m. The premarked cucumber fruits developed 
for 14 days following flowering were harvested from the area near the third layer of functional leaves. 
Careful attention was given to the fruit's position, size, and maturity during sampling for 
metabolomic analysis. Following independent sampling, the fruits were immediately frozen in liquid 
nitrogen. After 20 minutes, they were transferred to an ultralow-temperature refrigerator for 
preservation. 

Each biological replicate sample was ground in liquid nitrogen. Approximately 80 mg of each 
sample was weighed, and 1 ml of a methanol/acetonitrile/water solution (2:2:1, v/v) was added. The 
samples were vortex mixed and subjected to ultrasonic crushing at low temperature for 30 minutes, 
repeated twice. They were then incubated at -20 °C for 1 hour to precipitate proteins, followed by 
centrifugation at 13,000 rpm at 4 °C for 15 minutes. The supernatant was lyophilized and stored at -
80 °C for metabolomic analysis of cucumber fruits. Samples were mixed in equal amounts to prepare 
quality control (QC) samples. These QC samples were utilized to assess instrument status before 
injection, ensure equilibrium in the chromatography mass spectrometry system, and evaluate system 
stability throughout the experiment.  

The UHPLC-Q-TOF MS analysis was conducted using a UHPLC system (1290 Infinity LC, 
Agilent Technologies, USA) equipped with a UPLC BEH amide column (1.7 μm, 2.1 mm × 100 mm, 
Waters, USA) coupled to a Triple TOF 5600 (Q-TOF, AB Sciex, USA).  

Chromatographic conditions for HILIC separation involved analyzing the samples with a 2.1 
mm × 100 mm ACQUIY UPLC BEH 1.7 μm column (Waters, Ireland) at a column temperature of 25 
°C and a flow rate of 0.3 ml/min. The injection volume was set at 2 μL. In both positive and negative 
modes of ESI, the mobile phase consisted of A = 25 mM ammonium acetate, 25 mM ammonium 
hydroxide in water and B = acetonitrile. The gradient elution procedure was as follows: the gradient 
commenced at 95% B for 1 min, then linearly decreased to 65% over 13 min, subsequently reduced to 
40% over 2 min and maintained for 2 min before increasing back to 95% in 0.1 min. A 5-minute re-
equilibration period was employed at 95%. During the analysis, the samples were placed in an 
automatic sampler at 4 °C. Continuous sampling was conducted randomly to mitigate the effects of 
fluctuations in the instrument’s detection signal. Quality control (QC) samples were incorporated 
into the sample queue to monitor and assess the stability and reliability of the experimental data 
generated by the system. 
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Q-TOF mass spectrometry conditions: Analytes were detected using electrospray ionization 
(ESI) in both positive and negative ion modes. The samples were separated by ultra-high-
performance liquid chromatography (UHPLC) and analyzed with a triple TOF 5600 mass 
spectrometer (Q-TOF, AB SCIEX, USA). The ESI source conditions were optimized as follows: ion 
source gas 1 (Gas1) set to 60, ion source gas 2 (Gas2) set to 60, curtain gas (CUR) set to 30, source 
temperature at 600 °C, and IonSpray Voltage Floating (ISVF) at ±5500 V. The TOF MS scan m/z range 
was 60-1000 Da, while the product ion scan m/z range was 25-1000 Da. The TOF MS scan 
accumulation time was 0.20 s/spectrum, and the product ion scan accumulation time was 0.05 
s/spectrum. The product ion scan was conducted using information-dependent acquisition (IDA) 
with high sensitivity mode selected. The declustering potential (DP) was set to ±60 V for both positive 
and negative modes, and the collision energy was set to 35 ± 15 eV. The IDA parameters included the 
exclusion of isotopes within 4 Da and the monitoring of 6 candidate ions per cycle. The raw MS data 
(wiff. scan files) were converted to MzXML files using ProteoWizard MSConvert and processed with 
XCMS for feature detection, retention time correction, and alignment. Metabolites were identified 
based on precision mass (<25 ppm) and MS/MS data that matched the standard database. For the data 
extracted by XCMS, only variables with more than 50% non-zero measurement values were retained 
in at least one group. Pattern recognition was performed using SIMCA-P14.1 software (Umetrics, 
Umea, Sweden). 

After Pareto scaling preprocessing, multidimensional statistical analyses were conducted, 
including unsupervised principal component analysis (PCA), supervised partial least squares 
discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-
DA). Cross-validation and response permutation were employed for leave-one-out and re-validation 
to assess the robustness of the model. Significantly different metabolites were identified based on a 
combination of a statistically significant threshold for variable influence on projection values (VIP) 
derived from the PLS-DA model and the results of a two-tailed Student's t-test on the raw data. 
Metabolites with VIP values greater than 1.0 and P-values less than 0.1 were deemed significant. 
Additionally, commercial databases, including KEGG (http://www.genome.jp/kegg/) and 
MetaboAnalyst (http://www.metaboanalyst.ca/), were utilized to explore metabolite pathways. 

3. Results 

3.1. Daily Changes in Greenhouse Environmental Factors 

The diurnal variation of temperature, relative humidity, CO2 concentration, and light intensity 
in the greenhouse is illustrated in Figure 1. The FC and FT2 treatments reached a maximum 
temperature of 36 °C at 13:00, while FT1 and FT3 exhibited a similar temperature trend, peaking at 
46.3 °C at 12:30 (Figure 1A). No significant differences in CO2 concentration were observed between 
FC and FT1 treatments. Over time, the CO2 concentration in the greenhouse gradually decreased, 
reaching its lowest values of 286.77 μmol/mol and 264.96 μmol/mol at 12:00 a.m., respectively. The 
CO2 concentrations in the FT2 and FT3 treatment groups reached the target level of 1200 μmol/mol 
1.5 hours after the experiment commenced, which was significantly different from the concentrations 
in the FC and FT1 treatments (P < 0.05), and this concentration was maintained throughout the 
experiment. Following the initiation of ventilation at the end of the experiment, the CO2 concentration 
in the experimental plot decreased rapidly. Subsequently, it stabilized, aligning with CO2 
concentrations in FC and FT1 treatments (Figure 1C). The treatments did not have significant 
differences in relative humidity or light intensity (Figures 1B,D). Overall, the greenhouse conditions 
for temperature, relative humidity, CO2 concentration, and light intensity met the experimental 
design requirements throughout the study. 
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Figure 1. Diurnal variation of environmental factors in the greenhouse. (A) Temperature (B) Relative 
humidity(C) CO2 concentration(D)Light intensity. 

3.2. Effects of Elevated CO2 and High Temperature Stress on Yield and Quality of Cucumber Fruit the 
Greenhouse 

Cucumbers exhibit different growth centers at various stages of their growth and development. 
The transition of the growth center to the fruit marks the primary period of yield formation. 
Measuring the quality of fruit and vegetable products is essential to assess the value characteristics 
and ensure consumers' health and safety. Figure 2 illustrates that elevated levels of CO2 increased the 
length (Figure 2A), diameter (Figure 2B), ascorbic acid content (Figure 2C) and soluble sugar content 
(Figure 2E) of cucumber fruit in both normal and high temperature environments. According to the 
environmental requirements for the safety, quality, and production of pollutant-free vegetables 
(GB18407.1-2001), the nitrate content of pollution-free vegetables, in terms of NaNO3, must not exceed 
4 mg/kg. The nitrate content of the cucumber fruits subjected to each treatment was consistent with 
national standards. The nitrate contents of FT3 were significantly lower than those of FC (Figure 2D). 
The high temperature of 1200±20 μmol/mol CO2(FT3)did not significantly affect the soluble sugar 
and starch content of cucumber fruit; however, it did result in a substantial increase in the ascorbic 
acid content, measuring 20.04 ± 0.89 μg/ml. 
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Figure 2. Effects of elevated CO2 and high temperature stress on cucumber fruits' length, diameter, 
and quality. (A) Fruit length (B) Fruit diameter(C) Ascorbic acid content(D) Nitrite content(E) Soluble 
sugar content. Different lowercase letters were statistically different at the P < 0.05 level. 

As shown in Table 1, a high temperature of 1200±20 μmol/mol CO2(FT3) improved the number 
of individual cucumber fruits and increased the total by 14.7% compared to a normal temperature of 
1200±20 μmol/mol CO2(FT2). The combination of elevated temperature and CO2 concentration 
significantly enhanced the number of cucumbers per plant, the weight of each cucumber, and the 
yield per plant, ultimately resulting in the highest harvest volume within the same picking cycle (35 
days). 

Table 1. Effects of elevated CO2 and high temperature stress on cucumber yield parameter. 

Treatments 
Fruit 

number 
per plant 

Single fruit 
weight(g) 

Yield per 
plant(g) 

Total 
number 
of fruits 

Total fruit 
weight(g) 

FC 4.46±0.02c 238.29±0.57c 1281.77±6.06c 162±0.03c 46108.74±0.02c 
FT1 3.46±0.09d 206.93±5.04d 687.42±0.34d 121±0.95d 24712.16±3.61d 
FT2 5.22±0.06b 284.63±1.01b 1474.12±6.36b 185±0.08b 53033.26±4.06b 
FT3 6.70±0.11a 291.2±3.33a 1802.2±0.39a 217±0.06a 64844.33±7.36a 

Different lowercase letters were statistically different at the P < 0.05 level. 

3.3. Metabolite Profiling and Multivariate Statistical Analysis 

Positive and negative total-ion chromatograms from UHPLC-Q-TOF MS of cucumber fruit 
metabolomics QC samples were compared to assess spectral overlap. For instance, Figures 3A and 
3B illustrate that each chromatographic peak's response intensity and retention time overlapped, with 
negligible variation due to instrument error during the analysis. XCMS software was utilized to 
extract ion peaks of metabolites, resulting in the identification of 2505 positive ion peaks and 3136 
negative ion peaks. Notably, 79 and 78 significantly different metabolites were identified in the 
positive and negative modes, respectively. Peaks extracted from all test and QC samples were 
subjected to PCA analysis following Pareto scaling. The PCA model, validated through 7-fold cross-
validation, is presented in Figures 3C and 3D. As depicted, the QC samples are clustered in positive 
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and negative ion modes, indicating good test repeatability and high data quality. In positive ion 
mode, the FC group and FT2 group were clustered together. At the same time, FT1 and FT3 formed 
another cluster, suggesting that temperature has a more pronounced effect on the metabolites of 
cucumber fruit. In negative ion mode, the metabolomics data of cucumber fruit samples exhibited 
significant separation under different temperature and CO2 conditions. Notably, FT3 was 
significantly distinct from the other three groups, indicating that the high temperature combined with 
elevated CO2 (1200 ± 20 μmol/mol) in FT3 led to significant differences in metabolite profiles 
compared to the other groups (Figure 3D). In summary, the stability of the test instrument analysis 
system is commendable, and the test data is both stable and reliable. The metabolic profiles obtained 
in this experiment effectively reflect the biological differences among cucumber fruit samples 
subjected to various treatments. 

The model parameters were derived from partial least squares discriminant analysis (PLS-DA) 
and orthogonal partial least squares discriminant analysis (OPLS-DA) of the differential metabolites 
between groups, as presented in Table 2. The closer the values of R² and Q² are to 1, the more stable 
and reliable the model becomes. In this experiment, the PLS-DA model was constructed using 
positive and negative ion modes data, achieving R² and Q² values ≥ 0.5, indicating that the model 
is stable and reliable. For the OPLS-DA model, the parameters were R²Y > 0.9, Q² > 0.5, and a 
permutation intercept of Q²intercept < 0 (see Supplementary Figure S1). The OPLS-DA model established 
from this experiment's positive and negative ion-mode data is thus deemed reasonable, stable, and 
reliable. 

 
Figure 3. (A) Positive ion model TIC spectral overlap of QC samples (B) Negative ion model TIC 
spectral overlap of QC samples (C) PCA score diagram under positive ion pattern (D) PCA score 
diagram under negative ion pattern. 

Table 2. Metabonomics of cucumber fruits PLS-DA and OPLS-DA model parameters. 

Treatments 
PLS-DA OPLS-DA 

POS Models NEG Models POS Models NEG Models 
R²Y Q² R²Y Q² R²Y Q² R²Y Q² 

FT1-FC 0.98 0.765 0.997 0.787 0.98 0.7 0.979 0.633 
FT2-FC 0.911 0.587 0.941 0.21 0.957 0.689 0.941 0.272 
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FT3-FT1 0.998 0.798 0.996 0.82 0.95 0.571 0.985 0.721 
FT3-FT2 0.992 0.903 0.988 0.776 1 0.765 1 0.85 

3.4. Comparison of the Number of Differential Metabolites in Cucumber Fruit Under Elevated CO2 and 
High-Temperature Stress 

Utilizing univariate analysis, the significance of metabolite changes between the two samples 
can be visually represented, facilitating the selection of potential marker metabolites based on the 
screening criteria of fold change (FC) > 2.0 and P-value < 0.05, as identified through univariate 
statistical analysis. The volcanic maps of differential metabolites in cucumber fruits under both 
positive and negative ion modes are illustrated in Figures 4 and 5. These figures depict the 
distribution of metabolites, with red dots representing a higher concentration of metabolites with 
minor fold differences. In contrast, blue dots are more dispersed, indicating larger fold differences. 
The blue dots in the figure correspond to metabolites with FC > 2.0 and P-value < 0.05, which are the 
differential metabolites identified through univariate statistical analysis. 

 
Figure 4. Volcanic diagram of differential metabolites in cucumber fruits in positive ion mode. 
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Figure 5. Volcanic diagram of differential metabolites in cucumber fruits in 
negative ion mode. 

As shown in Figure 6, in the positive ion mode, the FT1-FC group exhibited 20 upregulated 
metabolites and 11 downregulated metabolites. The FT2-FC group showed 9 upregulated and 6 
downregulated metabolites, while the FT3-FT1 group had 6 upregulated and 7 downregulated 
metabolites. In the FT3-FT2 comparison, there were 13 upregulated and 7 downregulated 
metabolites. The FT1-FC group revealed 17 upregulated and 10 downregulated metabolites in the 
negative ion mode. The FT2-FC group had 10 upregulated and 9 downregulated metabolites; the FT3-
FT1 group displayed 6 upregulated and 8 downregulated metabolites, and the FT3-FT2 group 
showed 8 upregulated and 10 downregulated metabolites. Overall, in both positive and negative ion 
modes, the FT1-FC group  (high temperature of 400±20 ppm CO2 - normal temperature of 400±20 
ppm CO2)  presented 37 upregulated and 21 downregulated metabolites. The FT2-FC group (normal 
temperature of 1200±20 ppm CO2 + normal temperature of 400±20 ppm CO2) exhibited 19 upregulated 
and 15 downregulated metabolites. In the FT3-FT1 group (high temperature of 1200±20 ppm CO2 + 
high temperature of 400±20 ppm CO2), there were 12 upregulated and 15 downregulated metabolites. 
The FT3-FT2 group  (high temperature of 1200±20 ppm CO2 + normal temperature of 1200±20 ppm 
CO2) showed 21 upregulated and 17 downregulated metabolites. Notably, the effect of temperature 
on the metabolites of cucumber fruit was more pronounced. 
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Figure 6. Comparative analysis of the number of up-regulated and down-regulated metabolites in 
cucumber fruits between different treatments. (A) Positive ion model (B) Negative ion model. 

3.5. Significant Differences in Metabolites of Cucumber Fruit under Elevated CO2 and High-Temperature 
Stress Conditions. 

To identify differential metabolites, we selected those with a multidimensional statistical 
analysis VIP > 1 and a univariate statistical analysis P-value of 1, with 0.05 < P-value < 0.1. As shown 
in Tables 3 and 4, in both positive and negative ion modes, the FT1-FC group exhibited significant 
increases in sugar and amino acid metabolites, including glycerophosphocholine, adenosine, sucrose, 
isomaltose, mannose, arginine, L-citrulline, and L-isoleucine, in cucumber fruits treated at normal 
temperature. The FT2-FC group showed up-regulation of differential metabolites such as D-mannose 
and glycerophosphate. In the FT3-FT1 comparison group, L-glutamic acid, adenosine, and 
phosphorylcholine metabolites were up-regulated. Similarly, in the FT3-FT2 comparison group, 
metabolites, including L-glutamic acid, adenine, sucrose, and D-mannose, were significantly up-
regulated. In the high-temperature treatment comparison group, lipids, sugars, and nucleotides were 
the predominant up-regulated metabolites. In the negative ion mode, sugars and amino acids 
emerged as the most up-regulated metabolites. Furthermore, organic acid, sugar, and amino acid 
metabolites collectively regulated the differential changes observed in the fruits, responding to high-
temperature stress in cucumber fruits. 

Table 3. Results of screening differential metabolites among treatments in cucumber fruits under the 
positive-ion model. 
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Table 4. Results of screening differential metabolites among treatments in 
cucumber fruits under negative ion mode. 
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3.6. Cluster Analysis of Elevated CO2 and High-temperature Stress Conditions of Differential Metabolic 
Levels in Cucumber Fruit 
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Figure 7 illustrates the clustering results of differential metabolites in cucumber fruits cultivated 
in greenhouses under various combinations of temperature and CO2, analyzed in both positive and 
negative ion modes. The tree-type heat map indicates that red signifies up-regulation while blue 
indicates down-regulation. The abscissa represents the samples, the coordinates denote the 
differential metabolites, and the branch lengths reflect the differences between the samples and the 
metabolites; longer branches indicate a more significant difference between the two metabolites. 
Figure 8 presents a Venn diagram of the differential metabolites across different treatments. The non-
overlapping sections of the diagram are unique to each group. The labels on the Venn diagram 
indicate the number of common and unique substances between the various treatment combinations, 
expressed in quantity and percentage. Additionally, the bar graph displays the total number of 
substances in each group. 

Significant differences were observed in the differential metabolites of cucumber fruits grown 
in a greenhouse under varying temperatures and CO2 concentrations. In both positive and negative 
ion modes, 58 differential metabolites were identified under FT1-FC (high temperature of 400±20 ppm 
CO2 - normal temperature of 400±20 ppm CO2), with 20 metabolites unique to FT1-FC. Significantly 
different metabolites included guanosine, leucyl-valine, uridine, isomaltose, xylitol, D-mannose, DL-
lactate, heptadecanoic acid, L-threonate, sucrose, myo-inositol, and alpha-D-glucose. Under FT2-FC 
(normal temperature of 1200±20 ppm CO2 + normal temperature of 400±20 ppm CO2), 34 differential 
metabolites were identified, of which 11 were specific to FT2-FC. Significantly different metabolites 
included dihydroxyacetone, D-mannose, allantoin, and citric acid. In the FT3-FT1 (high temperature 
of 1200±20 ppm CO2 + high temperature of 400±20 ppm CO2), 27 differential metabolites were 
identified, with 9 unique to FT3-FT1. Significant metabolites in this group included tyramine, xylitol, 
all cis-(6,9,12)-linolenic acid, L-asparagine, alpha-linolenic acid, and L-phenylalanine. Additionally, 
38 differential metabolites were identified under FT3-FT2 (high temperature of 1200±20 ppm CO2 + 
normal temperature of 1200±20 ppm CO2), with 15 unique to FT3-FT2. Significantly different 
metabolites included pyridoxal (vitamin B6), L-citrulline, myo-inositol, L-aspartate, MG (16:0), 
sucrose, D-ribose, and palmitic acid. High temperatures induced alterations in the levels of amino 
acids, sugars, and organic acid metabolites in cucumber fruits. The changes in sugars and differential 
metabolites of organic acids, resulting from variations in CO2 concentration, were closely linked to 
the transport of starch and soluble sugars, which are critical for assessing the physiological indices of 
the fruits. 

 
Figure 7. Group analysis of differential metabolites (A) FT1-FC, positive ion model (B) FT1-FC, 
negative ion mode (C) FT2-FC, positive ion model (D) FT2-FC, negative ion mode (E) FT3-FT1, 
positive ion model (F) FT3-FT1, negative ion mode (G) FT3-FT2, positive ion model (H) FT3-FT2, 
negative ion mode. 
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Figure 8. Different metabolites between different treatments Venn diagram (Venn) combined 
histogram. 

3.7. Enrichment Analysis of the KEGG Annotation of Differential Metabolites in Cucumber Fruit 

The enrichment analysis of annotations related to the KEGG pathway for target metabolite sets 
in greenhouse cucumber fruit was conducted by treating each KEGG pathway as a unit and utilizing 
all metabolites within each pathway as the background. Fisher's exact test was employed to compare 
the distribution of each KEGG pathway within the target metabolite set against the overall metabolite 
set, thus evaluating the significance level of KEGG pathway metabolite enrichment. The x-axis 
represents the enrichment impact factor, while the y-axis indicates the names of the pathway 
diagrams. The color of the histogram illustrates the magnitude of the P-value. In the analysis of 
differentially expressed metabolites under FT1-FC, 58 metabolic pathways were identified, of which 
14 were significantly enriched. Specifically, 6 differentially expressed metabolites were enriched in 
the galactose metabolic pathway(map00052),3 in the vitamin B6 metabolism(map00750), and 3 in the 
arginine biosynthetic pathway(map00220). Enriching differentially expressed metabolites at FT2-FC 
involved 34 metabolic pathways; 6 differentially expressed metabolites were associated with the 
galactose metabolic pathway(map00052). In contrast, 3 differentially expressed metabolites were 
enriched in the arginine metabolic pathway(map00220) and 2 in the glutamate biosynthetic 
pathway(map00471). The enrichment of differentially expressed metabolites under FT3-FT1 
encompassed 47 metabolic pathways, with 15 significantly enriched pathways. Within this context, 3 
differentially expressed metabolites were identified in the metabolic pathways of alanine, aspartic 
acid, and glutamic acid(map00250). Furthermore, 3 differentially expressed metabolites were 
enriched in the glutathione metabolic pathways(map00480), while another 3 were associated with the 
glyoxylate and dicarboxylate metabolic pathways(map00630). The analysis of differentially 
expressed metabolites at FT3-FT2 revealed 43 metabolic pathways, including 14 significantly 
enriched ones. Notably, 5 differentially expressed metabolites were enriched in the galactose 
metabolic pathway(map00052), 4 were linked to the zeatin biosynthesis pathway(map00908), 3 were 
related to arginine biosynthesis(map00220), and 3 were closely associated with pyrimidine 
metabolism (map00240). 
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Figure 9. Enrichment analysis of differential metabolic entities using the KEGG annotation. (A) FT1-
FC (B) FT2-FC(C) FT3-FT1 (D) FT3-FT2. 

4. Discussion 

Climate change is leading to a significant increase in global average temperatures, threatening 
crop yields and food security. Various strategies have been adopted to enhance the heat tolerance of 
vegetables and address the dynamic factors that affect modern agricultural production. These 
strategies include cultivating heat-tolerant varieties, modifying cultivation practices, and increasing 
CO2 levels. The crops predominantly grown in greenhouses are C3 plants, such as tomatoes and 
cucumbers, which generally respond more positively to increased CO2 concentrations.[6]. At CO2 
levels of 550 to 650 μmol/mol, the yield of C3 crops can increase on average by 18%[23]. Furthermore, 
at approximately 1000 μmol/mol CO2 concentration, the soluble sugars and certain nutrients in leafy 
vegetables, fruits and root vegetables can increase from 10% to 60%[24]. Elevated CO2 levels facilitate 
various physiological activities in C3 crops, including photosynthesis, signaling pathways, and organ 
development, thereby improving yield, quality, and the resilience of vegetables to abiotic stress[25–
27]. This study demonstrates that high temperature conditions inhibit the growth of cucumber fruits 
while elevated CO2 levels significantly enhance their growth. Specifically, elevated CO2 increases the 
length and diameter of cucumber fruits under normal and high temperature conditions while also 
boosting the contents of soluble sugars and vitamin C and notably reducing nitrite levels in the fruits. 
When comparing a high CO2 environment at normal temperature, the combination of elevated 
temperature and CO2 concentration markedly improves the number of cucumbers per plant, the 
weight of each cucumber, and the overall yield per plant, ultimately resulting in the highest harvest 
volume achieved within the same picking cycle of 35 days. The quality of the fruit aligns more closely 
with commercial picking standards. 

When plants encounter growth-detrimental factors, they rapidly adjust at multiple levels to 
ensure survival. These responses constitute a complex process that produces mass metabolic 
intermediates and end products. High-throughput metabolomics elucidates structurally diverse, 
nutrition-rich metabolites and their intricate interactions within vegetable plants [13]. This approach 
has facilitated the connection between identified phytometabolites and unique phenotypic traits, 
nutri-functional characteristics, defense mechanisms, and crop productivity, thus improving our 
understanding of the principles governing plant life activities at the molecular level. In this study, 
metabolomics analysis utilizing ultra-high-performance liquid chromatography quadrupole time-of-
flight mass spectrometry (UHPLC-Q-TOF MS) revealed significant differences in differential 
metabolites of greenhouse cucumber fruits under varying temperature and CO2 concentration 
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conditions. In general, the effect of temperature on the metabolites of the cucumber fruit was more 
pronounced. In positive and negative ion modes, 58 differential metabolites were identified under 
FT1-FC, with 20 metabolites unique to FT1-FC. Significantly different metabolites included 
guanosine, leucylvaline, uridine, isomaltose, xylitol, D-mannose, DL-lactate, heptadecanoic acid, L-
threonate, sucrose, myo-inositol, and alpha-D-glucose. Plants utilize various metabolic strategies to 
cope with heat stress. A study comparing tomato plants (Solanum lycopersicum L.) exposed to 
temperatures of 45°C and 50°C for one hour daily over seven days against those grown at 25°C 
revealed a significant positive correlation between heat stress and total phenolic content[28]. Scarano 
et al. [29]measured β-carotene concentrations in tomato fruits subjected to heat stress conditions in 
the field, specifically at temperatures exceeding 32°C. The results demonstrated a significant increase 
in β-carotene concentration in the heat-stressed plants compared to the control group. In this study, 
cucumber fruits exposed to high-temperature conditions accumulated higher levels of amino acid 
compounds, such as L-threonate, L-citrulline, and Valine, than those grown under normal conditions. 
These findings suggest that heat stress may influence the concentration of potentially beneficial 
nutrients, particularly in fruits. 

In the FT2-FC group, 34 differential metabolites were identified, of which 11 were unique to FT2-
FC. Significantly different metabolites included dihydroxyacetone, D-mannose, allantoin, and citric 
acid. Polyols, such as myoinositol, sorbitol, mannitol, and galactitol, are derivatives of sugars. The 
accumulation of these low molecular weight, uncharged molecules facilitates osmotic adaptation, 
thereby protecting membrane and cellular proteins from stress. The plant-protective metabolite citric 
acid, also known as citrate (CA), has emerged as an effective means to enhance plant adaptability to 
environmental stress, thus maintaining growth and development[30,31]. Alternating oxidase (AOX) 
can reduce reactive oxygen species levels by enhancing mitochondrial electron transport capacity 
and inhibiting O2¯ production. Notably, citric acid is the most significant reported inducer of 
alternating oxidase expression. An increased endogenous citric acid content, whether through in vivo 
metabolism or exogenous administration, may decrease reactive oxygen species by elevating the 
activity of alternative oxidases. Foliar spraying of calcium (CA) at a concentration of 200 ppm can 
effectively mitigate salt stress in eggplant by enhancing plant biomass, pigment levels, primary and 
secondary metabolites and modulating antioxidant defense systems[32]. Additionally, some studies 
have indicated that high temperatures influence citrate synthase. Plants can withstand thermal stress 
by alleviating the denaturation of citrate synthase and promoting the renaturation of the denatured 
enzyme. Under elevated temperatures, plants enhance mitochondria's heat resistance and improve 
overall plant heat tolerance by effectively protecting citrate synthase. A related study reported that 
citric acid accumulates in plants during high-temperature stress, primarily functioning as an 
antioxidant and an intermediate product of respiratory metabolism, thereby aiding in thermal stress 
management[33]. Furthermore, spraying of 20 mM CA on leaves of Lolium arundicaceum 
significantly improved photosynthetic efficiency, Chl biosynthesis, and activity of antioxidant 
enzymes[34]. This study found cucumber fruits cultivated under normal temperature conditions to 
scavenge reactive oxygen species by accumulating citrate and related metabolites. However, these 
metabolites did not exhibit upregulation with increasing CO₂ concentrations. This observation 
suggests that even under normal temperature conditions, enhanced CO₂ application can help 
mitigate stress-induced reactive oxygen damage and improve the stress tolerance of cucumber fruits. 

In the FT3-FT1 group, 27 differential metabolites were identified, of which 9 were unique to FT3-
FT1. Significant metabolites in this group included tyramine, xylitol, linolenic acid, L-asparagine, 
alpha-linolenic acid, and L-phenylalanine.  In our study, the application of elevated CO₂ levels 
under high-temperature stress resulted in the up-regulation of L-phenylalanine in cucumber fruits. 
Phenylalanine is a critical substrate in the phenylpropanoid pathway, responsible for synthesizing 
various compounds, including phenylpropanoids, flavonoids, isoflavones, and anthocyanins [35]. Li 
et al. demonstrated that the phenylalanine content in cucumber leaves increased significantly under 
moderate and severe drought stress, suggesting a potential link between drought sensitivity and 
elevated phenylalanine levels in plant tissues[16,33]. Phenylalanine ammonia-lyase (PAL) catalyzes 
the deamination of L-phenylalanine into trans-cinnamic acid[34,35]. This pathway generates a range 
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of aromatic metabolites, such as flavonoids, isoflavones, and lignin [36]. Consequently, PAL plays a 
vital role in the biosynthesis of multiple secondary metabolites essential for plant growth and 
development. Beyond its importance in these processes, PAL is also a crucial enzyme in plant stress 
responses. Its expression is influenced by various factors, including drought [36], pathogen attack, 
tissue damage, extreme temperatures, ultraviolet radiation, nutrient deficiency[37], and plant 
signaling molecules such as jasmonic acid (JA) [38], salicylic acid (SA)[39], and abscisic acid 
(ABA)[40]. After stimulation by different stresses, the expression of the PAL gene is rapidly induced 
at the transcriptional level [42]. During HT3h (3 hours of heat stress), CsPAL9 was significantly 
upregulated, while during HT6h (6 hours of heat stress), both CsPAL9 and CsPAL7 exhibited 
increased expression, indicating their potential involvement in cucumber's tolerance to heat stress[41]. 
In the future, enhancing the expression of PAL genes may provide a viable strategy to improve plant 
resistance to various stresses.  

In the FT3-FT2 group, 38 differential metabolites were identified, of which 15 were unique to 
FT3-FT2. Significantly different metabolites included pyridoxal (vitamin B6), L-citrulline, myo-
inositol, L-aspartate, MG (16:0), sucrose, D-ribose, and palmitic acid. High temperatures induced 
alterations in the levels of amino acids, sugars, and organic acid metabolites in cucumber fruits. 
Amino acids and sugar play a crucial role in the response of higher plants to abiotic stresses. Their 
derivatives are essential for maintaining intracellular protein structural integrity and osmotic 
regulation [28,29]. Under heat stress, Arabidopsis and rice accumulate various amino acids, including 
threonine, isoleucine, leucine, asparagine, malic acid, valine and alanine[30,31]. These findings 
suggest that the accumulation of metabolites, such as amino acids, sugars, and organic acids, in 
response to high temperature stress may be vital to adapt cucumber fruits to elevated temperatures. 

In response to increased CO₂ concentrations under varying temperature conditions, two 
common differential metabolites were identified in the FT2-FC, FT3-FT1, and FT3-FT2 treatments: L-
glutamic acid and stachyose. L-glutamic acid serves as a precursor for chlorophyll a, while the 
glutamate pathway is the primary source of proline synthesis under osmotic stress[42]. In both 
normal and high-temperature environments, increased CO₂ concentration reduces L-glutamic acid 
content. This decrease may be attributed to a lowered level of α-ketoglutarate, the precursor of 
glutamate, or to the rise in CO₂ concentration that mitigates high-temperature stress, thereby 
downregulating the typical metabolic response to such stress. Stachyose, a soluble oligosaccharide, 
is a fuel for growth and development and acts as a precursor and signaling molecule in metabolism. 
Furthermore, it provides osmotic protection under stress conditions and is integral to the reactive 
oxygen species (ROS) scavenging system. Stachyose is associated with trehalose metabolism, 
galactose metabolism, and starch and sucrose metabolism. The accumulation of these carbohydrates 
in the FC, FT1, and FT2 treatments plays a crucial role in osmotic regulation and protecting cell 
membranes in cucumber fruits under the corresponding environmental conditions [43]. 

The enrichment analysis of the KEGG annotation for differential metabolites in cucumber fruit 
revealed that 11 metabolic pathways were significantly enriched in the FT1-FC group, 11 in the FT2-
FC group and 15 in the FT3-FT1 group. In comparison, 14 metabolic pathways were significantly 
enriched in the FT3-FT2 group. In particular, the galactose metabolism pathway emerged as the most 
significantly affected pathway in this enrichment analysis. In experiments evaluating the effects of 
high temperature and elevated CO2 concentration on cucumber fruit quality in greenhouses, the 
impacts of high temperature and elevated CO2 levels on the soluble sugar and starch content of 
cucumber fruits were found to be insignificant. However, elevated CO2 concentrations significantly 
increased the ascorbic acid content in the treatment groups FT2 (17.66±0.68 μg/ml) and FT3 
(20.04±0.89 μg/ml) treatment groups. Ascorbic acid (AsA) is an essential redox compound in plant 
leaves and fruits, playing a critical role in various physiological processes, including the regulation 
of plant aging [44], protection of photosynthetic structures[45], sugar metabolism[46], and responses 
to stress. AsA is synthesized primarily in source leaves and transported to storage tissues via the 
phloem. Plants have an efficient AsA transmembrane and long-distance transport system [47]. 
Garchery et al. demonstrated that increasing the ascorbic acid (AsA) content in tomato leaves while 
reducing the activity of ascorbic acid oxidase in tomato fruits can enhance the transport of sucrose 
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from source leaves to sink tissues, thereby increasing the diameter and yield of transformed tomato 
fruits [48]. The positive correlation between ascorbic acid (AsA) content and fruit yield can be 
attributed to the role of AsA in maintaining photosynthesis and respiration [49]. The galactose 
pathway is the primary pathway for plants to synthesize AsA. High temperature stress significantly 
alters the response patterns of antioxidant transcription and enzyme activity in cucumber fruits. 
Following acute oxidative stress, the differential metabolites produced primarily function to maintain 
or enhance the activity of antioxidant enzymes and mitigate cell membrane lipid peroxidation. 
Consequently, the galactose metabolism pathway observes a greater abundance of differential 
metabolites (map00052). The accumulation of cysteine, glutamic acid, and glycine is crucial for 
synthesizing the antioxidant glutathione. Cucumber fruits in the FT3 group, which maintain a higher 
amino acid content, exhibit a greater potential to withstand significant high temperature stress. 
Increased CO2 application complicates metabolic pathways by enriching the changes in differential 
metabolites of cucumber fruits. Under high-temperature stress, cucumber fruits increase their 
resistance to stress by accumulating metabolites associated with sugar, organic acids and amino 
acids, particularly within the galactose metabolism pathway, arginine biosynthesis pathway, and 
glutamate synthesis pathway. 

5. Conclusions 

Our research indicates that increased CO₂ concentration can effectively mitigate the damage 
caused by high-temperature stress to greenhouse cucumber fruits from a metabolomic perspective. 
Despite the limited number of studies focusing on plant metabolomic analysis under greenhouse 
conditions, we believe this is the first study to demonstrate the effects of elevated CO₂ application on 
the metabolomics of greenhouse cucumber fruits subjected to high-temperature stress. We imposed 
heat stress by varying planting dates to ensure the reproductive period coincided with elevated 
temperatures. Although there are limitations associated with precise climate control, this experiment 
holds significant value, as the conditions within an artificial climate chamber may not fully reflect the 
realities of high-temperature stress experienced in natural settings. It has been reported that crops 
grown in optimal environments often obscure critical agronomic traits or physiological responses. 
These findings further underscore the necessity of conducting field experiments to understand the 
effects of abiotic stresses on vegetable crops. The results of this study offer valuable insights into 
carbon dioxide fertilization technology and provide a theoretical foundation for utilizing exogenous 
metabolites to enhance cucumber heat tolerance. 
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