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ABSTRACT: Three-year-old Panax japonicus was exposed to elevated CO; concentrations using open-top chambers:
ambient CO, (aCO;), moderately elevated (e1CO,, 550 pmol/mol), and highly elevated (e2CO,, 750 pmol/mol). Gas
exchange parameters, photosynthetic pigments, sugar accumulation, and total saponin content were measured to
assess the effects of CO, enrichment on photosynthesis, sugar metabolism, and saponin biosynthesis. The e1CO,
treatment significantly increased net photosynthetic rate (by 17.22% at 36 days and 69.62% at 92 days), chlorophyll
a content, and soluble sugar, sucrose, and starch accumulation. Key sugar metabolism enzymes, including sucrose
phosphate synthase (SPS), also showed enhanced activity. Consequently, underground rhizome total saponins rose
significantly by 15.16%. In contrast, e2CO, initially (36 days) stimulated photosynthesis but lost this effect over
prolonged exposure (92 days), with no significant impact on photosynthetic parameters, pigments, or sugar levels.
Correlation analysis indicated that rhizome saponin content was positively associated with leaf sucrose levels and
sucrose synthase (synthetic direction) activity. These findings suggest that moderate CO, elevation (e1CO,) enhances
P. japonicus photosynthesis and sugar metabolism, driving greater saponin accumulation. However, high CO, (e2CO,)
has transient benefits, with stimulatory effects diminishing over time.

KEYWORDS: Panax japonicus; elevated CO, concentration; photosynthetic characteristics; sugar metabolism;
saponin accumulation

1 Introduction

Anthropogenic activities have elevated atmospheric carbon dioxide (CO;) concentrations from a
pre-industrial level of approximately 280 ppm to over 420 ppm today and are a primary driver of global
climate change [1]. Beyond its climatic effects, this CO, enrichment (eCO;) acts as a fundamental
“aerial fertilizer” for plant growth. Meta-analyses of Free-Air CO, Enrichment (FACE) studies provide
robust statistical evidence of this fertilization effect: for instance, eCO, at concentrations ranging from
500-600 ppm can stimulate the yield of major Cj3 cereal crops like wheat and rice by 10-25% and root crops
by 25-38% under optimal conditions [2]. This yield enhancement is directly linked to the core physiological
impact of eCO; on Cs plants: the competitive inhibition of ribulose-1,5-bisphosphate carboxylase/oxygenase
oxygenation, which reduces photorespiration and thereby increases net CO, assimilation rates. In FACE
studies, photosynthesis in C3 species typically increases by 20-40% under these conditions [3]. This global
phenomenon extends beyond staple food crops to medicinal plants, where increased photosynthetic carbon
fixation can cascade into secondary metabolism by altering the availability of carbon precursors and energy
supply. Numerous studies have investigated the effects of eCO; on the growth and secondary metabolism of
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medicinal plants, such as Polygonatum kingianum [4], Typha orientalis [5], Lycium barbarum 6], Dendrobium
officinale [7], Mentha piperita [8], and Paris polyphylla [9]. Panax japonicus C. A. Meyer, a perennial
herbaceous plant, is one of China’s rare and endangered medicinal herbs and is locally regarded as the
“King of Herbal Medicines”. Its primary bioactive constituents include saponins, carbohydrates, and
amino acids [10]. As a typical C3 plant, P. japonicus exhibits high photosynthetic responsiveness to eCO;.
More importantly, it possesses a robust underground rhizome sink that serves as the primary site for
the translocation and storage of photoassimilates like sucrose, establishing a direct source-sink pathway
from leaf photosynthesis, where sucrose functions not only as a critical carbon skeleton but also as an
energy substrate for the biosynthesis of secondary metabolites, including saponins. While most existing
studies on P. japonicus have focused on its chemical composition [11], pharmacological activity [12], quality
evaluation [13], and gene regulation [14], physiological and ecological research related to cultivation
remains limited. Given these physiological traits, P. japonicus is a well-suited candidate for uncovering the
cascade of events from eCO;-induced carbon assimilation and allocation through sugar metabolic pathways
to the eventual partitioning of carbon into saponin production.

Saponin accumulation in the underground organs of medicinal plants such as P. japonicus is
fundamentally governed by carbohydrate availability and translocation from aerial tissues [15]. Following
photosynthetic CO; assimilation, sucrose serves as the primary transport form of photoassimilates and is
partitioned into underground organs, where it is metabolized by key enzymes-including sucrose synthase
(SS), sucrose phosphate synthase (SPS), and neutral invertase (NI)-to generate soluble sugars that fuel
secondary metabolic pathways such as saponin biosynthesis [16,17]. The glycosylation of aglycones,
an essential step in saponin formation, is intrinsically dependent on carbohydrate supply, with uridine
diphosphate glucose (UDPG)-derived from sucrose metabolism-serving as the key glycosyl donor for
triterpenoid skeletons [18,19]. In underground tissues, the substrate for UDPG synthesis is primarily supplied
by leaf photosynthesis, and its abundance is governed by photosynthetic intensity and the translocation
efficiency of sucrose [20,21]. Thus, saponin accumulation in below-ground organs is closely linked to
photosynthetic activity, sugar metabolism, and carbohydrate status in above-ground parts [22]. While eCO,
has been shown to enhance sugar accumulation and related enzyme activities, its effect on final saponin
content is often species-specific and dependent on exposure duration [23,24]. These physiological and
biochemical mechanisms provide a theoretical basis for the hypothesis that eCO, may influence medicinal
plant quality by modulating carbon allocation from source leaves to sink organs.

This study investigated the effects of eCO; on photosynthesis, sugar metabolism, and saponin
accumulation in P. japonicus. We hypothesized that a moderate CO; elevation (e1CO3, 550 pmol/mol)
would sustainably enhance the net photosynthetic rate, upregulate the activity of key sugar-metabolizing
enzymes, and consequently promote carbon allocation towards sucrose and total saponin biosynthesis
in the rhizome. In contrast, a higher CO; level (e2CO;, 750 pmol/mol) was anticipated to induce only a
transient photosynthetic enhancement, with acclimation effects (CO, level x exposure time interaction)
diminishing its long-term benefits on carbon assimilation and partitioning into secondary metabolites. By
integrating these physiological and metabolic responses, this study aims to elucidate the mechanistic basis
of how eCO; modulates the carbon flux from primary photosynthesis to secondary saponin biosynthesis in
P. japonicus, thereby providing theoretical insights into the impact of future climatic changes on the quality
of medicinal plants.
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2 Materials and Methods
2.1 Plant Material and Substrate

The plant material used in this study was P. japonicus rhizomes. These rhizomes were sourced
in November 2024 from a commercial nursery located in Banqiao Town, Enshi City, Enshi Tujia and
Miao Autonomous Prefecture, Hubei Province, China, where they had been grown for three years
under standardized cultivation practices. The pre-experimental growth conditions at the nursery
involved cultivation under a natural forest canopy, providing approximately 60-70% shade. The plants
experienced natural ambient temperature and precipitation cycles with supplemental drip irrigation
applied during extended dry periods. In November 2024, uniformly sized, three-year-old rhizomes were
transplanted into nine cultivation frames (three frames per open-top chamber) with each frame measuring
111 cm x 37 cm x 34 cm. The three OTCs corresponded to three CO; treatments: ambient CO, (aCO,),
and two elevated CO, levels (e1CO, and e2CO,). Each frame contained 20 rhizomes, and frames were
randomly positioned within each chamber to avoid positional effects. The plants were allowed to establish
and overwinter in the OTCs under ambient conditions. The cultivation substrate consisted of a mixture of
yellow soil, nutrient soil, vermiculite, and pig manure compost, with the following nutrient composition:
pH 6.7; available nitrogen 38.4 mg/kg; available phosphorus 18.9 mg/kg; available potassium 148.8 mg/kg;
organic matter 6.3%.

The experimental apparatus comprised octagonal OTCs, each with eight sides, a side length of 1.0 m, a
height of 1.7 m, and a top inclined 45° inward (Fig. 1).

Figure 1: The open-top chamber CO, concentration control system.

2.2 Methods
2.2.1 Experimental Method

The experiment was conducted with three CO;, concentration treatments: aCO;, e1CO; and e2CO;. The
aCO, treatment served as the control, with no additional CO, introduced into the chambers. In contrast, CO,
gas was supplied to the e1CO; and e2CO; chambers. The microclimatic conditions within the OTCs were
closely monitored and controlled. The CO, concentration was regulated using a sensor (GMP-220, Vaisala,
Finland) positioned 20 cm above the mean plant canopy height and connected to a data logger. This system
transmitted real-time data to a control computer, which executed a programmed feedback mechanism to
operate electromagnetic valves, thereby maintaining the CO; concentrations within the specified targets.
In addition to COy, air temperature and relative humidity were continuously monitored at a height of
20 cm above the mean plant canopy height inside each chamber using integrated sensors (MTK-THS800,
Asmik, Guangzhou, China), with data logged at 10-min intervals. The continuous time-series data for
all parameters were recorded to verify the stability and accuracy of the treatment conditions throughout
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the experiment. Specifically, the CO, concentrations were maintained at 550 pmol/mol for the e1CO,
treatment and 750 pmol/mol for the e2CO, treatment. These setpoints were selected to simulate projected
atmospheric CO; levels, corresponding to mid-century and end-of-century projections, respectively, under
the intermediate SSP2-4.5 scenario as outlined in the IPCC Sixth Assessment Report [25]. This approach is
widely used to assess plant responses to future climate conditions. Continuous monitoring data of CO,
concentrations in each chamber during the entire experimental period demonstrate that CO; levels were
maintained at stable mean values of 548.6 + 9.3 umol/mol for the e1CO, treatment and 747.1 + 8.7 pmol/mol
for the e2CO, treatment, confirming effective control around the target setpoints. Each CO, treatment
consisted of three frames with each frame consisting of 20 seedlings. The elevated CO, treatments
commenced on April 11, 2025, shortly after the spring sprouting. Throughout the experimental period,
soil moisture was maintained by timely and equal-volume watering to keep the soil consistently moist.
Weeds were regularly removed by hand to minimize competition. To assess any potential microclimatic
modification by the chambers, air temperature was measured both inside each OTC at canopy height and at
corresponding heights in adjacent open-field plots. Air temperature varied naturally across the study period.
The ambient temperature ranged from a minimum of 6°C to a maximum of 30°C. Inside the chambers,
temperatures closely tracked these external conditions, with a mean chamber effect (temperature difference,
inside minus outside) of +0.3°C, confirming minimal thermal alteration by the OTCs. Relative humidity in
the ambient environment ranged between 75% and 84%. Gas exchange parameters of P. japonicus leaves were
measured at 36 days (leaf expansion stage) and 92 days (nutrient accumulation stage) after the initiation
of CO, treatments. At each sampling time, whole plants were harvested to determine total plant biomass.
Subsequently, leaf samples were collected to quantify photosynthetic pigment contents and key sucrose
metabolism indicators. Concurrently, underground rhizomes were sampled for the analysis of total saponin
content. Each parameter was measured with five replicates to ensure data reliability.

2.2.2 Determination of Biomass

To determine the biomass (g/plant) of P. japonicus seedlings, seedlings were removed from the soil,
washed to remove soil from the roots, placed in an oven at 105°C for 30 min and then dried at 70°C until a
constant weight was achieved.

2.2.3 Determination of Gas Exchange Parameters

Leaf gas exchange measurements were conducted on sunny days between 9:00 and 11:00 a.m., which
served as the standardized measurement window for all samples to minimize diurnal variation using a
portable photosynthesis system (LICOR-6400 LI-COR Inc., USA). Within this period, measurement order of
plants from different treatments and replicates was randomized to control for temporal effects. For each
measurement, a fully expanded, sun-exposed leaf from the upper or middle canopy was enclosed in the
standard leaf cuvette. The following cuvette conditions were maintained: the reference CO, concentration
was dynamically controlled to match the growth condition of each plant (i.e., either 400 pmol/mol for aCO,
chambers or the respective elevated levels for e1CO, and eCO, chambers); photosynthetic photon flux
density (PPFD) was provided by the unit’s built-in red-blue LED light source set to a saturating intensity of
1200 wmol/m?/s; leaf temperature was controlled to 25°C; the vapor pressure deficit (VPD) of the air stream
was maintained at 1.0 £+ 0.2 kPa; and the flow rate through the cuvette was set to 500 pmol/s with the internal
mixing fan operating at standard speed. The following parameters were directly recorded or calculated
by the instrument’s software: net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate
(Tr), and intercellular CO; concentration (Ci). Instantaneous water-use efficiency (WUE) was calculated
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as Pn/Tr. For each treatment chamber at each time point (36 and 92 days), measurements were taken on
three leaves from each of five different replicate plants, with different plants sampled at each harvest in a
destructive, non-repeated measures design.

2.2.4 Determination of Photosynthetic Pigment Content

Photosynthetic pigment content was determined from fully expanded leaves sampled from the
middle-upper canopy of five randomly selected plants per open-top chamber. Sampling was conducted
between 9:00 and 11:00 a.m. at 36 and 92 days after the initiation of CO, treatments. From each plant, two
leaf were excised, immediately wrapped in aluminum foil, flash-frozen in liquid nitrogen, and stored at 80°C
until analysis. Approximately 0.1 g of frozen leaf tissue was finely ground in liquid nitrogen, transferred to
a 15 mL centrifuge tube containing 10 mL of 95% (v/v) ethanol, and incubated in the dark at 4°C for 24 h or
until the leaf tissue became colorless. The extracts were then centrifuged to remove debris. The absorbance
of the supernatant was measured at 470, 649, and 664 nm using a UV-Vis spectrophotometer (UV-2600,
Shimadzu, Japan) with a 1 cm path length quartz cuvette. A blank of 95% ethanol was used for baseline
correction. The concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (Chl a + b),
and total carotenoids (Car) were calculated using the following equations:

Chl a (ug/mL) = 13.36A664 - 5.19A649

Chl b (p.g/mL) = 27.43A649 — 8.12A664

Chla +b (ug/mL) = Chla + Chlb

Car (ng/mL) = (1000A479 — 2.13 x Chl a — 97.64 x Chl b)/209

Pigment contents were expressed on a fresh weight basis as micrograms per gram (mg/g FW). All
extractions and measurements were performed in triplicate. Data from five plants within a chamber were
averaged, and the chamber was considered the experimental unit for statistical analysis. The time from leaf
harvesting to freezing did not exceed 3 min to prevent pigment degradation.

2.2.5 Determination of Sugar Content

Soluble sugar, reducing sugar, sucrose, and starch contents were quantified using colorimetric assays
based on the principle of generating colored reaction products with specific reagents, followed by absorbance
measurement at designated wavelengths to calculate concentrations. Soluble sugars were measured via the
anthrone colorimetric method: samples were extracted with boiling water, then reacted with concentrated
sulfuric acid and anthrone reagent, with absorbance read at 620 nm. Reducing sugars were determined by
the 3,5-dinitrosalicylic acid (DNS) method, where alkaline heating produces a brownish-red compound
measured at 540 nm. Sucrose was assayed by first removing reducing sugars via alkali treatment, followed
by acid hydrolysis. The resulting glucose and fructose were quantified using the resorcinol reaction at
480 nm. Starch content was measured in samples pre-extracted with 80% ethanol to remove soluble sugars.
The residue was hydrolyzed with acid to glucose, which was then quantified by the anthrone method at
620 nm. All assays employed standard curves for conversion, with final concentrations calculated based on
sample mass or volume [26].
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2.2.6 Determination of Enzyme Activity

Enzyme activities were measured using commercial enzyme-linked immunosorbent assay kits (Keming
Biotechnology, Suzhou) following the manufacturer’s protocols. SS-I (decomposing direction) activity
was determined by quantifying the reducing sugars (fructose) produced from the SS-I-catalyzed reaction
of sucrose with uridine diphosphate (UDP) via the DNS method at 540 nm, expressed as the amount of
reducing sugars generated per gram fresh weight per unit time. SS-II (synthetic direction) activity was
assessed by measuring the sucrose formation from the SS-1I-catalyzed reaction of free fructose with UDPG
using the sucrose-resorcinol colorimetric method at 480 nm, with activity calculated relative to a standard
curve and expressed as sucrose synthesized per gram fresh weight per unit time. NI activity was determined
by detecting the reducing sugars (fructose and glucose) produced from the NI-catalyzed sucrose hydrolysis
via the DNS method at 510 nm, expressed as reducing sugar production per gram fresh weight per unit
time. SPS activity was measured by quantifying the sucrose phosphate generated from the SPS-catalyzed
reaction of fructose-6-phosphate via the resorcinol colorimetric method at 480 nm, expressed as sucrose
phosphate produced per gram fresh weight per unit time. Starch phosphorylase (SP) activity was determined
by monitoring the NADPH production derived from the conversion of glucose-1-phosphate, generated
by the SP-catalyzed reaction of starch’s o-1,4-glycosidic bonds with inorganic phosphate, through the
absorbance change at 340 nm. All enzyme activity assays strictly followed the kit protocols, with reaction
systems, detection wavelengths, and calculation formulas optimized for each enzyme’s characteristics, and
preliminary experiments conducted to ensure method reliability.

2.2.7 Determination of total Saponin Content

Total saponin content was determined using an ultrasonic extraction method followed by
vanillin-perchloric acid colorimetry, with ginsenoside Re as the reference standard. Dried and powdered
samples were sieved, and 0.05 g was weighed into tubes with 1 mL extraction solvent, then ultrasonically
extracted for 1 h. After centrifugation at 8000x g and 25°C for 10 min, the supernatant was collected for
analysis. For colorimetric assays, 0.5 mL supernatant was evaporated at 70°C, then mixed with 0.2 mL
vanillin-acetic acid solution and 0.8 mL perchloric acid, followed by incubation in a 55°C water bath for
20 min. After adding 200 pL acetic acid to develop the color, the mixture was thoroughly vortexed, and
absorbance was measured at 589 nm [27].

2.3 Statistical Analyses

Data entry and figure preparation were performed using Excel 2016 and OriginPro 2025, while statistical
analyses were conducted in SPSS 23.0. The experimental unit for all analyses was the OTC. Data from
plant samples (n = 5) within each chamber were averaged to obtain a single value per chamber per time
point. Analysis of variance assessed the effects of CO; concentration (aCO,, e1CO,, e2CO,), time (36/92 d)
on all parameters. Residuals were checked for normality (Shapiro-Wilk) and homoscedasticity (Levene’s).
Post-hoc comparisons used Tukey’s HSD test (p < 0.05). Pearson correlations were adjusted for multiple
testing using the False Discovery Rate (q < 0.05).

3 Results
3.1 Effects of Elevated CO; on Biomass of P. japonicus

At 36 days, no significant differences in biomass were observed among the three CO; treatments.
In contrast, at 92 days, the e1CO, and e2CO; treatments significantly increased the biomass by 24.45%



Phyton-Int J Exp Bot. 2026;95(3):20 7

and 16.32%, respectively, compared to aCO; (Fig. 2). These results demonstrate that extended exposure
to elevated CO,, enhances plant biomass accumulation over time, with treatment effects becoming more
pronounced at the later growth stage.
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Figure 2: Effects of different treatments on biomass of P. japonicus. The data are expressed as the mean + standard

deviation (n = 5); Different lowercase letters for the same treatment time indicate significant differences (p < 0.05).
3.2 Effects of Elevated CO; on Gas Exchange Parameters in P. japonicus

The effects of eCO; on the gas exchange parameters of P. japonicus exhibited temporal variation during
exposure (Table 1). After 36 days, both e1CO; and e2CO; treatments significantly enhanced Pn, with
relative increases of 17.22% (under e1CO;) and 37.78% (under e2CO,) compared to aCO,. Meanwhile, WUE
increased significantly under both eCO; treatments, whereas Tr, Gs and Ci remained unchanged. By day
92, the responses diverged: the e1CO, treatment still markedly enhanced Pn (69.62% increase) and WUE
(41.86% increase), with no detectable changes in Tr, Gs, or Ci; in contrast, the e2CO; treatment no longer
exerted a significant effect on any of the measured gas exchange parameters.

Table 1: Effects of different treatments on the gas exchange parameters of P. japonicus.

Treatments Pn (umol/m?/s) Tr (mmol/m?/s) Gs (mo/m?/s) Ci (umol/m?/s) WUE (umol/mmol)
aCO, 3.60 + 0.24¢ 3.11 + 0.42° 0.05 + 0.01° 323.57 + 35.47° 1.14 + 0.33"
36d e1CO, 4.22 +£0.31° 2.79 £ 0.58* 0.04 £+ 0.012 293.80 + 28.39° 1.50 + 0.39
€2CO, 4.96 + 0.29 2.96 + 0.71° 0.05 + 0.01° 329.09 + 46.37° 1.66 + 0.51°
aCo, 451 + 0.48° 2.78 £ 0.76% 0.05 £ 0.03? 323.91 & 23.94% 1.72 + 0.45°
92d e1CO, 7.65 + 2.082 3.31 + 0.84° 0.06 + 0.01° 274.11 + 56.50° 2.44 + 0.81°
e2CO, 3.03 £ 0.73" 2.24 +0.68" 0.04 + 0.012 324.99 £ 25.07 1.43 + 0.41°

Note: The data in the table are expressed as the mean + standard deviation (n = 5); Different lowercase letters for the same
treatment time indicate significant differences (p < 0.05).

3.3 Effects of Elevated CO2 on Photosynthetic Pigment Contents of P. japonicus

After 36 days, both e1CO, and e2CO, significantly increased the contents of Chl a (by 19.20% and
24.58%, respectively) and total Chl (a + b) compared to the aCO, control (Table 2). Conversely, the Chl a/b
was significantly reduced by 85.57% under e2CO; but was not significantly altered by e1CO, (Table 2). No
significant changes were observed in Chl b or Car contents under either treatment (Table 2). Following
92 days of exposure, the e1CO, treatment sustained a significant increase in Chl a content (29.16%), with
no significant effects on other pigments relative to aCO,. In contrast, the e2CO, treatment showed no
significant differences from aCO; for any pigment metric. Notably, at this stage, the chlorophyll a and total
chlorophyll contents in the e2CO; treatment were significantly lower (by 33.95% and 29.15%, respectively)
than those in the e1CO, treatment (Table 2).
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Table 2: Effects of different treatments on the photosynthetic pigment content of P. japonicus.

Treatments Chl a (mg/g) Chl b (mg/g) Chl a + b (mg/g) Chl a/b Car (mg/g)
aCo, 2.97 +0.14° 0.58 + 0.11% 3.56 + 0.21° 5.06 + 0.44" 0.90 £ 0.13?

36 d e1CO, 3.54 £ 0.27° 0.70 + 0.15° 4.24 + 0.37° 4.63 + 0.26 1.00 + 0.11°
e2CO, 3.70 + 0.19* 0.39 + 0.08" 4.10 + 0.14° 9.39 + 0.38° 1.09 + 0.07

aCO, 4.63 + 0.35" 0.90 + 0.05% 5.53 + 0.35% 5.16 & 0.48* 1.24 + 0.31%

92d e1CO, 5.98 + 0.90? 1.42 + 0.57 7.41 + 1.47° 451 + 1.15° 1.68 + 0.20°
e2CO, 3.95 + 0.22° 0.99 + 0.58° 4.94 + 0.63" 4.83 £ 2.12° 1.08 £ 0.28"

Note: The data in the table are expressed as the mean + standard deviation (n = 5); Different lowercase letters for the same
treatment time indicate significant differences (p < 0.05).

3.4 Effects of Elevated COz on Sugar Accumulation in P. japonicus

The contents of soluble sugars and related components in P. japonicus under eCO, are presented in
Fig. 3. After 36 days of treatment (Fig. 3A,C,D), the e1CO, and e2CO, treatments significantly increased the
soluble sugar content by 15.57% and 35.38%, respectively, compared to aCO, (Fig. 3A). The sucrose and starch
contents were significantly elevated only under the e2CO, treatment at this stage (Fig. 3C,D). No significant
differences in reducing sugar content were detected among the treatments at 36 days (Fig. 1B). After 92 days
of treatment (Fig. 3A,C,D), the e1CO, treatment significantly enhanced the contents of soluble sugars,
sucrose, and starch by 34.10%, 39.19%, and 36.74%, respectively, relative to aCO,. In contrast, the e2CO,
treatment significantly increased sucrose content by 16.68% but had no significant effect on soluble sugar
or starch contents (Fig. 3A,C,D). The reducing sugar content remained unaffected by any CO, treatment at
92 days (Fig. 3B). Furthermore, compared to the e1CO; treatment, the e2CO, treatment led to significantly
lower levels of soluble sugars, sucrose, and starch at 92 days (Fig. 3A,C,D).

50.0

24.0

45.0 aCO: = el1CO: = €2CO: a (A) aCO:  elCO: = e2CO: B)
) L
2 400 5 200 a a fI‘ a
B b b £ I B I 7 1
= a I I £ 160 I 1
@
£ 300 b L 2
< H
5 250 ¢ 1 S 120
- I 5
5200 S
en H 8.0 |
2 150 w
2 £
S
2 10.0 2 oaof
S 50 2
0.0 L 0.0 .
36d 92d 36d 92d
35.0 20.0
aC0: = e1CO: © €2C0: a ©) aCO: ' ¢1CO: ' €2CO: D)
30.0 I a
) b ® 160 | I
o eh
E‘J 25.0 a ke £ b
= b A ¢ z £a
=
5 200 b1 1 E 0 ap a T
= I = I 0
o 4 I
o 150 = 80l
8 2 -
b E
S 100 @
w2

5.0

0.0

36d

92d

4.0

0.0
36d

92d

Figure 3: Effects of different treatments on soluble sugar accumulation in P. japonicus. The data are expressed as
the mean =+ standard deviation (n = 5); Different lowercase letters for the same treatment time indicate significant
differences (p < 0.05). (A) Soluble sugar content. (B) Reducing sugar content. (C) Sucrose content. (D) Starch content.
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3.5 Effects of Elevated CO2 on Sucrose Metabolism-Related Enzyme Activities in P. japonicus

The activities of key sucrose metabolism enzymes are shown in Fig. 2. At the 36-day time point
(Fig. 4A-E), eCO; significantly affected several enzymes. The activities of SS-II (Fig. 4B) and SPS (Fig. 4E)
were significantly enhanced by eCO;. In contrast, the activities of SS-I (Fig. 4A) and NI (Fig. 4C) were
significantly reduced. The activity of SP (Fig. 4D) was not significantly altered. At the 92-day time point
(Fig. 4A-E), the responses differed between CO; levels. The e1CO, treatment significantly decreased SS-I
activity (by 19.35%) but significantly increased the activities of SS-II (by 4.72%), NI (by 50.82%), SP (by
22.20%), and SPS (by 72.99%) compared to aCO;. The e2CO, treatment significantly elevated SPS activity by
11.78% relative to aCO; but showed no significant effects on the activities of SS-I, SS-1I, or SP.

3.6 Effects of Elevated CO; on Total Saponin Content in P. japonicus

As shown in Fig. 5, after 36 days of treatment, elevated CO; concentrations (e1CO, and e2CO;) had no
significant effect on total saponin content in the rhizomes of P. japonicus compared to the aCO; control.
After 92 days of treatment, both e1CO;, and e2CO; treatments significantly increased total saponin content
in the rhizomes, with e1CO; and e2CO; treatments showing 15.16% and 10.98% increases, respectively,
compared to the aCO; control. No significant difference in total saponin content was observed between the
e1CO, and e2CO, treatments.
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Figure 4: Effects of different treatments on the activities of enzymes related to sucrose metabolism in P. japonicus.
The data are expressed as the mean + standard deviation (n = 5); Different lowercase letters for the same treatment
time indicate significant differences (p < 0.05). (A) Sucrose synthase (I) activity. (B) Sucrose synthase (II) activity.
(C) Neutral invertase activity. (D) Starch phosphorylase activity. (E) Sucrose phosphate synthase activity.
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Figure 5: Effects of different treatments on total saponin content in P. japonicus. The data are expressed as the mean

+ standard deviation (n = 5); Different lowercase letters for the same treatment time indicate significant differences

(p < 0.05).
3.7 Correlation Analysis

Correlation analysis between leaf sucrose metabolism indicators and rhizome total saponin content
in P. japonicus revealed significant positive correlations between rhizome total saponin content and leaf
soluble sugar content, sucrose content, starch content, and SS-II activity (Fig. 5). No significant correlations
were observed between rhizome total saponin content and SS-1, NI, SP activity, or SPS activity (Fig. 6).
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Figure 6: Correlation analysis. Color intensity represents correlation strength, with red indicating positive correlations

and blue indicating negative correlations. *p < 0.05.
4 Discussion

The effect of eCO; on plant photosynthetic characteristics depends not only on the concentration
but also on the exposure duration, as CO, serves as the primary substrate for photosynthesis [28].
While short-term eCO, exposure often promotes growth, its effects can diminish over time due to
feedback mechanisms such as carbohydrate accumulation and carbon-nitrogen imbalance [29]. In this
study, short-term eCO, significantly enhanced Pn and chlorophyll content in P. japonicus. However,
as the treatment progressed, the two elevated CO; levels (e1CO;, e2CO;) showed clearly divergent
temporal patterns: the moderate elevation (e1CO;) sustained a measurable, though gradually dampened,
photosynthetic stimulation, whereas the stimulatory effect of the high concentration (e2CO3) on Pn and
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chlorophyll content was transient, becoming statistically indistinguishable from aCO; in the later growth
stage (Tables 1 and 2). This difference indicates that the magnitude of CO, elevation is a critical factor
in determining how rapidly photosynthetic down-regulation occurs. The more rapid and pronounced
accumulation of carbohydrates under e2CO; likely triggered stronger and earlier feedback inhibition,
potentially via sugar-signaling pathways and/or an accelerated progression into sink limitation or nitrogen
dilution [29,30]. Consequently, although both eCO, treatments increased final biomass relative to aCO,
the weaker biomass gain under e2CO, compared with e1CO, at 92 days corresponds with its earlier
and more complete loss of photosynthetic advantage. These findings align with reports in crops such as
soybean [31] and the medicinal plant Polygonatum kingianum [4], and underscore the well-documented
interaction between CO, concentration and exposure time in plant responses to eCO; [32,33]. Together,
they demonstrate that the effects of eCO, are dynamic rather than static, and that predicting CO,-driven
growth and metabolic responses requires considering both concentration and duration as interacting
variables, with particular attention to the transient nature of the photosynthetic stimulation under high-level,
long-term eCOs.

Our results demonstrate a clear temporal dissociation between the initial stimulation of carbon
metabolism and the eventual accumulation of saponins in P. japonicus under eCO,, a phenomenon consistent
with known plant resource allocation strategies [30]. At 36 days, both e1CO; and e2CO, treatments
significantly enhanced the net photosynthetic rate (by 17.22% and 37.78%, respectively; Table 1), soluble
sugar content (by 15.57% and 35.38%; Fig. 3A), and the activities of key sucrose-metabolizing enzymes,
including SS-1I and SPS, compared to aCO, (Fig. 4B,E). This initial boost in photosynthesis and carbohydrate
metabolism is a typical plant response to eCO; [32]. Despite this pronounced upregulation in photosynthetic
capacity and carbohydrate availability, the total saponin content in the rhizomes remained unchanged at this
early stage (Fig. 5). This suggests a prioritization of photoassimilates towards primary metabolic processes
and structural growth [34], reflecting source-sink dynamics where carbon is preferentially allocated to
biomass accumulation during the initial vegetative growth phase, thereby delaying significant investment
into secondary metabolite biosynthesis. By 92 days, the physiological responses diverged. The e1CO,
treatment sustained its promotional effects, resulting in a 15.16% increase in total saponin content over
aCO; (Fig. 5). In contrast, while the e2CO; treatment also increased saponin content relative to aCO,, its
level was significantly lower than that under e1CO; (Fig. 5). The eventual saponin accumulation under
e1CO, can be attributed to a sustained surplus of carbon fixation over the longer term, which, after meeting
the demands of primary growth, provided ample substrates for secondary metabolism [35]. The correlation
analysis provides a mechanistic clue: saponin content exhibited a significant positive correlation with SS-II
activity (Fig. 6) but not with SPS activity. This indicates that the SS-catalyzed reaction, which produces
UDPG-a direct glycosyl donor for glycosyltransferases [18]—may play a more critical role in directing
carbon toward saponin accumulation than does SPS, a pattern observed in other saponin-producing species.
We acknowledge that the absence of leaf nitrogen data limits a definitive mechanistic understanding of
the attenuated response under prolonged e2CO,, which we hypothesize may involve a carbon-nitrogen
imbalance, a common constraint under high CO, conditions [36]. Furthermore, while total triterpenoid
saponins are a key quality metric [10], the lack of individual ginsenoside profiling means shifts in the
composition of specific bioactive compounds remain unexplored.

The differential outcomes at 92 days highlight the critical role of above-ground physiology—modulated
by CO, concentration—in determining the medicinal quality of below-ground organs [3]. The superior
saponin accumulation under e1CO, aligns with the sustained upregulation of photosynthetic parameters
and sucrose metabolism enzymes observed throughout the experiment. The finding that rhizome saponin
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content was significantly associated with leaf sucrose content, leaf starch content, and SS-II activity (Fig. 6)
strongly supports a model where eCO;-enhanced carbon assimilation in leaves fuels the production and
translocation of sucrose to underground sinks [19,37]. The positive association with SS activity is consistent
with the established pathway where sucrose cleavage by SS provides UDPG for the glycosylation of
triterpenoid aglycones, a critical final step in saponin biosynthesis [18,35]. Therefore, the increased saponin
yield under e1CO, can be interpreted as a direct consequence of a prolonged and balanced enhancement
of the source (leaf photosynthesis and sucrose synthesis) and sink (rhizome) strength, facilitating the
channeling of carbon precursors into the saponin biosynthetic pathway [38] (Fig. 7). In contrast, the weaker
promotion of photosynthesis and sucrose metabolism by e2CO, at 92 days, suggests a potential constraint,
possibly at the metabolic or nutrient level. The observed pattern is consistent with the hypothesis of a
developing imbalance in carbon and nitrogen metabolism under long-term, highly elevated CO,, which can
lead to photosynthetic acclimation and disrupt optimal resource allocation to secondary metabolites [36,39].
This interpretation is cautious, as it is based on physiological responses without direct nitrogen data. Similar
context-dependent effects of eCO; duration and concentration on secondary metabolism have been reported
in other medicinal plants, underscoring the complexity of these interactions [40]. Collectively, our findings
demonstrate that the effect of eCO, on saponin accumulation is not linear but depends critically on both
the concentration and of exposure duration, mediated through its integrated effects on source activity and
carbon partitioning.

Photosynthesis & Sucrose Metabolism Elevated CO,

sucrose fate <— Calvin Cycle

triose phosphate
SP/I\

glucose-1-phosphate

sucrose
pool

ElevalediCo; loog-distance transport <—

energy
€Y &— hexoses €—

signal

/4

long-distance transport

#/ Saponin Biosynthesis \

incoming sucrose

v

sucrose metabolism to precursors

v

aglycone backbone synthesis
(e.g., via MVA/MEP pathways)

sapogenin core

glycosylation by
UGTs using UDPG

\ total saponins /

Figure 7: The interrelationship among leaf photosynthesis, sugar metabolism, and rhizome saponin biosynthesis in

P. japonicus. An upward-pointing red arrow () indicates an increase in the activity of the corresponding enzyme, a
downward-pointing red arrow () indicates a decrease in the activity of the corresponding enzyme.
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5 Conclusions

In summary, a moderate elevation of CO, significantly enhanced the total saponin content in P. japonicus
rhizomes by sustainably improving the net photosynthetic rate and upregulating key sugar-metabolizing
enzyme activities, thereby facilitating carbon assimilation and translocation to sink organs. However, a
higher CO, concentration led to diminished promotional effects over time, likely due to feedback inhibition
from excessive carbohydrate accumulation. These findings suggest the potential of CO, management as an
agronomic strategy for quality improvement of this medicinal plant under future climate scenarios; from
an agronomic perspective, they imply that cultivating P. japonicus under controlled or moderately eCO,
levels could be employed to optimize saponin yield and consistency, provided that excessive carbohydrate
buildup is avoided through appropriate canopy management, balanced fertilization (especially N input to
match altered C:N ratios), and timely harvesting before feedback inhibition reduces efficacy. Meanwhile,
irrigation scheduling may be refined to exploit the increased water-use efficiency associated with eCO,,
further supporting stable growth and secondary metabolite production. This highlighting the need for
future studies to focus on elucidating the associated molecular mechanisms—particularly the expression
of genes involved in sucrose-to-saponin biosynthesis—and to evaluate the response of individual saponin
components for a comprehensive quality assessment, and on validating these cultivation strategies under
multi-factor field conditions to ensure their practical applicability in future climates.
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