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Abstract: Panax japonicus (T. Nees) C.A. Mey is  a  rare plant that is  used in  Chinese herbal medicine. 
Two-year-old Panax japonicus seedlings were grown in open-top chambers under ambient CO2 (aCO2), moderately 
(e1CO2: 550 ± 15 μmol/mol) or substantially (e2CO2: 750 ± 15 μmol/mol) elevated CO2 to study their effects on plant 
growth and nitrogen (N) content. After 27 days, the net photosynthetic rate (Pn) of e2CO2-treated seedlings was 
significantly higher (20.09%) than that of seedlings grown under aCO2. However, by day 51, the Pn of e1CO2- and 
e2CO2-treated seedlings was 12.87% higher and 9.57% lower, respectively, than that of seedlings grown under aCO2. 
On day 27, chlorophyll a + b content, Rubisco activity, soluble protein and starch content of e1CO2- and e2CO2-
treated seedlings showed no significant change and significant increase compared to aCO2-treated. By contrast, 
at 51 days, chlorophyll a content, Rubisco activity, starch and N content of P. japonicus was significantly increased 
by moderately eCO2 condition but was significantly decreased by substantially eCO2 condition. The results suggest 
that exposure to moderately eCO2 was beneficial for P. japonicus growth, whereas under substantially eCO2, growth 
were promoted in short-term but inhibited in long-term. Owing to the temporal effect of eCO2 on P. japonicus 
growth, there was no significant correlation between N content and Pn of P. japonicus under eCO2.
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The greenhouse phenomenon, driven by the esca-
lating levels of  atmospheric carbon dioxide (CO₂), 
is now widely acknowledged as a key driver behind 
the accelerated pace of global climate change (IPCC 
2014). Before the industrial revolution, the atmos-
pheric CO2 concentration was approximately 280 
ppm. Since then, levels have been rising, and in the 
past decade have been increasing at a rate of about 2 
ppm per year (Franks et al. 2013), reaching 418 ppm 
in  March 2022 (Ripple et  al. 2022). In  most cases, 
if no long-term regulation of photosynthesis occurs, 
the rate of photosynthesis rises under elevated CO2 
(eCO2) concentrations (Kimball 2016). However, 

studies have shown that although the atmospheric 
CO2 concentration has been increasing over the 
past 50 years, the increase in the net photosynthetic 
rate (Pn) has been much lower than that predicted 
by the Farquhar photosynthesis model, this is prob-
ably because the early experimental results ignored 
the long-term “CO2 domestication” effect (Jin et al. 
2019). Although studies have suggested that ex-
posure to  eCO2 can increase plant biomass, there 
is now a large body of evidence to suggest that these 
increases in plant biomass may be more short-lived 
than previously anticipated, and that plant respons-
es under future eCO2 atmospheric conditions may 
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be limited by physiological, population, community, 
and ecosystem-level dynamics (Norby 2021). There-
fore, it is important to consider the temporal effect 
of eCO2 when studying the effect of eCO2 concen-
trations on plant growth. Most plants show reduced 
photosynthetic efficiency under long-term expo-
sure to eCO2 (Wang et al. 2021). For example, when 
Polygonatum kingianumwas exposed to  eCO2 for 
a  long period of  time, the promotion of photosyn-
thesis was not sustained and “CO2 domestication” 
occurred (Luo et al. 2023).

 Studies have suggested that possible explana-
tions for the observation that nitrogen (N) nutrition 
is reduced under eCO2 conditions include N utilisa-
tion is hindered (Adavi, Sathee 2021), a growth di-
lution effect (Deng et al. 2015), reduced N demand 
and uptake, and N losses (Taub, Wang 2008). N plays 
an important role in regulating plant growth in re-
sponse to eCO2, and the reduction of photosynthetic 
efficiency caused by long-term eCO2 can be mitigat-
ed by altering the form and amount of N (Wang et al. 
2021). Analysing the N  nutritional status of  plants 
exposed to  eCO2 is  useful to  regulate the effects 
of eCO2 on plant growth through N regulation.

Herbal medicines are among the oldest alternative 
and complementary medicines. The impact of  cli-
mate change, especially eCO2, on  the cultivation 
of some plants used in Chinese herbal medicines has 
been studied, including Pseudostellaria heterophyl-
la (Ng et  al. 2022), Hypericum perforatum (Shar-
ma et  al. 2020), Isatis indigotica (Hao et  al. 2013), 
Gynostemma pentaphyllum (Chang et  al. 2016), 
Gynura bicolor (Ren et  al. 2014), and Paris poly-
phylla (Qiang et al. 2020). Panax japonicus (T. Nees) 
C.A. Mey, a perennial herbaceous plant that belongs 
to  the family Araliaceae, is one of  the rare, endan-
gered, and valuable “seven types” of Chinese herbal 
medicines. Most studies on P. japonicus have focused 
on chemical composition, pharmacological activity, 
quality evaluation, and metabolic regulation by ge-
netic engineering rather than on cultivation physiol-
ogy and ecology. In particular, there has been little 
study of the effects of global climate change, particu-
larly eCO2, on P. japonicus. To better understand the 
impact of eCO2 on P. japonicus growth, and to de-
termine a theoretical basis for P. japonicus cultiva-
tion under climate change conditions, we analysed: 
(i) the temporal effects of  moderately eCO2 and 
substantially eCO2 conditions on the photosynthe-
sis, growth, and N  content of  P. japonicus; (ii) the 
relationship between N content and photosynthesis.

MATERIAL AND METHODS

Materials
We used the underground rhizome of 2-year-old 

P.  japonicus plants cultivated from the seed of  the 
same mother plant. In November 2022, underground 
rhizomes with consistent growth were transplanted 
into plastic pots (diameter 21  cm; height 12  cm) 
containing 2.0 kg of air-dried potting soil compris-
ing brown loam and nutrient soil (1 : 1), with one 
rhizome per pot.

Experimental design
We used an open-top air chamber method to sim-

ulate eCO2 conditions. The experiment involved 
three CO2 concentration levels: the ambient level 
(aCO2) and two elevated levels (e1CO2 and e2CO2). 
The aCO2  gas chamber was vented to  natural air 
with a  CO2 concentration of  350 ±  80  μmol/mol. 
The e1CO₂ and e2CO₂ gas chambers were vented 
to  CO2  gas with a  controlled CO₂ concentration 
of 550 ± 15 μmol/mol and 750 ± 15 μmol/mol, re-
spectively. Three replicates were set up for each treat-
ment, with 15 seedlings per replicate (i.e. 45  seed-
lings per treatment). The soil was watered as needed 
over the course of  the experiment to  keep the soil 
moist; any weeds that germinated  were removed. 
The eCO2 treatments were initiated on  May 11, 
2023. The Pn was measured on sunny days, i.e. on day 
0, 17, 27, 39, 51, 70, 84, and 95 of the CO2 treatment. 
Research indicators were measured on days 27 and 
51 of the CO2 treatment.

Parameter measurement
Determination of net photosynthetic rate (Pn). The 

Pn of leaves was determined using a Li-6400 Portable 
Photosynthesis System (LI-COR, Lincoln, NE, USA). 
Three plants in each treatment were selected. Three 
fully expanded functional leaves from the middle and 
upper part of each plant were selected and labelled. 
The Pn of these leaves was measured on sunny days 
from 9 a.m. to 11 a.m. (Zhang, Zhang 2022).

Determination of photosynthetic pigment content, 
Rubisco activity, and soluble sugar, starch, soluble 
protein, and free amino acid content levels. The up-
per functional leaves (0.2 g) of five seedlings in each 
treatment were sampled. The photosynthetic pig-
ment content was measured using ethanol extrac-
tion UV spectrophotometer (UV-2600, Shimadzu, 
Japan) (Bao 2005). Rubisco activity, soluble sugar, 
starch, soluble protein, and free amino acids were 
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measured using enzyme-linked immunosorbent as-
say kits produced by  Shanghai Keshun Biological 
Technology Co., Ltd. (Shanghai, China). Under the 
catalysis of  Rubisco, one molecule of  RuBP com-
bines with one molecule of  CO2 to  produce two 
molecules of  3-phosphoglycerate (PGA). PGA can 
produce glyceraldehyde-3-phosphate through the 
action of added 3-phosphoglycerate kinase and glyc-
eraldehyde-3-phosphate dehydrogenase, and oxidise 
reduced coenzyme I (NADH), changing the absorb-
ance at 340 nm. The NADH oxidation rate can be cal-
culated, which can ultimately reflect the Rubisco ac-
tivity (Zha et al. 2021). To measure soluble sugar and 
starch content, the anthrone colorimetric method 
was applied; the absorbency at 620 nm wavelength 
was measured (Luo, Huang 2011). Soluble pro-
tein content was determined by bicinchoninic acid 
(BCA) assay. Under alkaline conditions, cysteine, 
cystine, tryptophan, tyrosine and peptide bonds 
in proteins reduce Cu2+ to Cu+, the 2-molecule BCA 
combines with Cu+ to form a purple complex with 
absorption peaks at  540–595  nm, and the highest 
absorption peak at 562 nm (Wiechelman et al. 1988). 
The α-amino group of the amino acid reacts with hy-
drated ninhydrin to produce a blue-violet compound 
with a  characteristic absorption peak at  570  nm. 
The absorbance at 570 nm was measured to calculate 
the amino acid content (Wang et al. 2022).

Determination of  dry weight. Ten seedlings from 
each treatment were selected. The aboveground 
parts were separated from the roots by cutting the 
stem at ground level. The roots were gently cleaned 
with a soft brush to remove the soil. To obtain dry 
weight (DW) measurements, roots and aboveg-
round parts were dried at 105 °C for 30 min and then 
dried at 70 °C until a constant weight was achieved 
(Liu et al. 2015).

Determination of  nitrogen (N) content. Upper-
middle functional leaves were collected from five 

seedlings in each treatment. The leaves were dried 
at 105  °C for 30 min and then dried at 70  °C until 
a  constant weight was obtained. A  micro-Kjeldahl 
method was used to  digest the leaves with H2SO4 
to determine the N content (Bao 2005).

Statistical analysis. Treatment means were evalu-
ated using Tukey’s multiple-range test (P  < 0.05). 
The Spearman correlation method was used to an-
alyse the correlations. All data analyses were per-
formed using SPSS version 23.0 statistical software. 
Figures and tables were prepared using Microsoft 
Office 2016.

RESULTS

Net photosynthetic rate (Pn)
By day 27, the Pn of  seedlings subjected to  the 

e2CO2 treatment was significantly higher (20.09%) 
than that of aCO2-treated seedlings (Figure 1). How-
ever, by day 51, the Pn of e1CO2-treated seedlings was 
significantly higher than that of aCO2- and e2CO2-
treated seedlings and the Pn of e2CO2-treated seed-
lings was significantly lower than that of aCO2- and 
e1CO2-treated seedlings.

Photosynthetic pigment content
By day 27 of treatment with eCO2, the chlorophyll 

b content of seedlings treated with e1CO2 was sig-
nificantly higher (8.18%) than that of aCO2-treated 
seedlings (Table 1). The chlorophyll a, b, and a + b 
content of e2CO2-treated seedlings was significantly 
higher than that of aCO2-treated seedlings, whereas 
the chlorophyll a/b content of  e1CO2-treated and 
e2CO2-treated seedlings was significantly lower 
than that of  aCO2-treated seedlings. By  day 51 
of  treatment with eCO2, the chlorophyll a, b, and 
a + b content of e1CO2-treated seedlings was signif-
icantly higher than that of aCO2-treated seedlings, 

Figure 1. Dynamic response of the net photosyn-
thetic rate (Pn) of Panax japonicus seedlings grown 
under ambient (aCO2) or  elevated (e1CO2 and 
e2CO2) CO2 concentrationsTime (days)
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whereas the chlorophyll a content of e2CO2-treated 
seedlings was significantly lower (15.93%) than that 
of aCO2-treated seedlings.

Rubisco activity
By day 27, the Rubisco activity in leaves of e2CO2-

treated seedlings was significantly higher (24.10%) 
than that of aCO2-treated plants; however, the Ru-
bisco activity in  leaves of  e1CO2- and aCO2-treat-
ed seedlings did not differ significantly (Figure 2). 
By day 51, the Rubisco activity in leaves of e1CO2-
treated seedlings was significantly higher (14.83%) 
than that of aCO2-treated plants, whereas the Rubis-
co activity of e2CO2-treated plants was significantly 
lower (14.22%) than that of aCO2-treated plants.

Soluble sugar, starch, soluble protein, and free 
amino acid content levels

By day 27 of  the experiment, the soluble sug-
ar (19.85%) and free amino acid content levels 
of e1CO2-treated seedlings were significantly higher 
than that of  aCO2-treated seedlings, and the solu-
ble protein, soluble sugar, starch, and free amino 
acid content levels of  e2CO2-treated seedlings 

were significantly higher than that of aCO2-treated 
P. japonicus (Figure 3). By day 51, the soluble protein, 
starch, and free amino acid content levels of e1CO2-
treated seedlings were significantly higher than that 
of aCO2-treated seedlings.

Growth parameters
The growth parameters of P. japonicus increased 

over time, and the different treatments showed 
a time effect on P. japonicus growth (Table 2). By day 
27, the shoot DW of  e2CO2-treated seedlings was 
significantly greater than that of aCO2- and e1CO2-
treated seedlings. By  day 51, the stem diameter 
at  ground level, shoot DW, and root DW values 
of e2CO2-treated seedlings were significantly lower 
than that of aCO2-treated seedlings.

Nitrogen (N) content
On day 27, the N  content of  P. japonicus leaves 

of  aCO2-, e1CO2-, and e2CO2-treated seedlings 
did not differ significantly (Figure 4). However, 
by  day 51, the N  content of  e1CO2-treated seed-
lings was significantly higher (8.94%) than that 
of  aCO2-treated  seedlings, whereas the N  content 

Table 1. Photosynthetic pigment content of Panax japonicus grown under ambient (aCO2) or elevated (e1CO2 and 
e2CO2) CO2 concentrations

Treatments Chl a (mg/g) Chl b (mg/g) Chl a + b (mg/g) Chl a/b Car (mg/g)

27 days
aCO2 1.08 ± 0.03b 0.11 ± 0.04b 1.19 ± 0.07b 10.5 ± 1.87a 0.45 ± 0.06a

e1CO2 1.00 ± 0.02b 0.20 ± 0.06a 1.20 ± 0.05b 4.93 ± 1.34b 0.45 ± 0.07a

e2CO2 1.21 ± 0.03a 0.18 ± 0.05a 1.41 ± 0.04a 6.62 ± 2.05b 0.47 ± 0.04a

51 days
aCO2 1.13 ± 0.05b 0.18 ± 0.07b 1.32 ± 0.09b 6.83 ± 2.15a 0.47 ± 0.02a

e1CO2 1.63 ± 0.09a 0.28 ± 0.10a 1.91 ± 0.11a 3.51 ± 0.79b 0.46 ± 0.03a

e2CO2 0.95 ± 0.04c 0.13 ± 0.03b 1.09 ± 0.04b 7.41 ± 1.43a 0.42 ± 0.03a

Chl – chlorophyll; Car – carotenoid
a,b,cdata values relating to the same treatment day with different lowercase letters are significantly different (P < 0.05)

Figure 2. Rubisco activity in leaves of Panax japonicus 
grown under ambient (aCO2) or elevated (e1CO2 and 
e2CO2) CO2 concentrations
a,b,cdata points for the same treatment days with different 
lowercase letters are significantly different (P < 0.05)
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Figure 3. Accumulation of (A) soluble protein, (B) soluble sugar, (C) starch, and (D) free amino acids in the leaves 
of Panax japonicus grown under ambient (aCO2) or elevated (e1CO2 and e2CO2) CO2 concentrations
a,b,cdata points relating to the same treatment day with different lowercase letters are significantly different (P < 0.05)

Table 2. Growth parameters of Panax japonicus grown under ambient (aCO2) or elevated (e1CO2 and e2CO2) CO2 
(eCO2) concentrations

Treatments Height (cm) Ground diameter (cm) Shoot DW (g/plant) Root DW (g/plant)

27 days
aCO2 3.06 ± 0.76a 0.12 ± 0.03a 0.06 ± 0.01b 0.61 ± 0.04a

e1CO2 2.98 ± 0.44a 0.11 ± 0.02a 0.06 ± 0.01b 0.59 ± 0.03a

e2CO2 3.11 ± 0.50a 0.14 ± 0.02a 0.09 ± 0.01a 0.66 ± 0.04a

51 days
aCO2 4.90 ± 0.90ab 0.21 ± 0.05a 0.20 ± 0.01a 1.05 ± 0.06a

e1CO2 5.07 ± 0.99a 0.22 ± 0.04a 0.17 ± 0.00b 0.93 ± 0.03a

e2CO2 3.58 ± 0.88b 0.17 ± 0.02b 0.14 ± 0.02c 0.71 ± 0.05b

DW – dry weight
a,b,cdata values relating to the same treatment day with different lowercase letters are significantly different (P < 0.05)

Figure 4. Leaf nitrogen content of Panax japonicus seed-
lings grown under ambient (aCO2) or elevated (e1CO2 
and e2CO2) CO2 concentrations
a,b,cdata points relating to the same treatment day with dif-
ferent lowercase letters are significantly different (P < 0.05)
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of  e2CO2-treated seedlings was significantly lower 
(10.91%) than that of aCO2-treated seedlings.

Correlation analysis
Correlation analysis (Figure 5) revealed that the 

Pn was significantly and positively correlated with 
Rubisco activity, and with chlorophyll, soluble pro-
tein, soluble sugar, starch, and free amino acid con-
tent levels, but was not significantly correlated with 
N content. N content was significantly and positively 
correlated with Rubisco activity, soluble sugar con-
tent, and starch content.

DISCUSSION

Plants grown under conditions of eCO2 can experi-
ence significant changes in their histochemistry (Lo-
ladze 2002), with a common effect being a reduction 
in N concentration (Taub, Wang 2008). Interactions 
involving carbon (C) and N likely modulate terres-
trial ecosystem responses to eCO2 levels (Reich et al. 
2006). Photosynthesis is the vital metabolism of the 
plant affected by  abiotic stress such as  elevated 
CO2  levels, which ultimately affect the source-sink 
relationship (Lal et al. 2022). In the short-term, the 
effect of eCO2 on plant growth is direct and medi-
ated by photosynthesis. In the long-term, the effect 
of eCO2 is increasingly indirect, with effects occur-
ring through the interaction of, for example, plants, 
resources (nutrients, water), and temperature (Tuba, 
Lichtenthaler 2007). Our analyses showed that ini-

tially when P. japonicus seedlings had been exposed 
to a CO2 concentration of 550 μmol/mol for 39 days 
or to 750 μmol/mol for 27 days, the Pn of these seed-
lings was significantly higher than that  of  aCO2-
treated seedlings. The direct cause of  this increase 
in  Pn  was an  increase in  the content of  photosyn-
thetic reaction substrates. However, after pro-
longed exposure to eCO2 conditions, the e1CO2 and 
e2CO2 treatments had different effects on  the  Pn 
of P. japonicus. By day 51, the Pn of e1CO2-treated 
seedlings was still being promoted whereas the 
Pn of  e2CO2-treated seedlings was lower than that 
of aCO2-treated seedlings. This indicates that grow-
ing P. japonicus seedlings under moderately eCO2 
conditions had a beneficial effect on photosynthesis, 
whereas a substantial increase in CO2 concentration 
had a  short-term promotional effect and a  long-
term inhibitory effect on photosynthesis.

Theoretically, the growth of plants under short-term 
eCO2 conditions may result in an increase in the rate 
of  carboxylation while reducing O2 competition for 
CO2 at the Rubisco active site, decreasing photorespi-
ration and, thus, increasing photosynthetic efficiency 
in  C3  plants (Galmés et  al. 2019). Long-term eCO2 
can reduce Rubisco activity through secondary re-
actions related to  carbohydrate over accumulation 
or reduced C content (Yamori et al. 2012). Our analy-
ses also showed that when P. japonicus was subjected 
to substantially eCO2 conditions, Rubisco activity in-
creased for a short period of time but that ultimately 
Rubisco activity decreased over time. The photosyn-
thetic pigment, soluble sugar, starch, soluble protein, 

Figure 5. Correlation analysis of different 
parameters of Panax japonicus seedlings
The lower left values are P values and the 
upper right box colours indicate r values
Pn – net photosynthetic rate; Chl – chlo-
rophyll; Car – carotenoid; Rub – rubisco 
activity; SP – soluble protein; SS – soluble 
sugar; S – starch; FAA – free amino acid; 
H – height; D – stem diameter at ground 
level; RDW – root dry weight; SDW – shoot 
dry weight; N – nitrogen
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and free amino acid content levels and growth indices 
recorded for seedlings in each of the different treat-
ment groups were basically consistent with the trends 
observed for the Pn, which indicates that a  moder-
ately eCO2 level was beneficial to photosynthesis and 
the growth of  P. japonicus, whereas a  substantially 
eCO2  level had both short- and long-term effects 
on  photosynthesis and growth. A  temporal effect 
of eCO2 on plant photosynthesis has been reported 
in numerous studies (Thruppoyil, Ksiksi 2020).

Elevated CO2 concentrations can reduce N avail-
ability in the soil (Tausz‐Posch et al. 2019) and can 
affect N uptake metabolism by plants (Bahrami et al. 
2017). Our analyses showed that short-term expo-
sure to eCO2 had no significant effect on the N con-
centration of P. japonicus, whereas under long-term 
eCO2 conditions, the N concentration of P. japonicus 
was significantly increased by moderately eCO2 con-
ditions, but was significantly decreased by substan-
tially eCO2 conditions, and photosynthetic efficien-
cy was reduced. The N concentration of P. japonicus 
may have increased under moderately eCO2 condi-
tions because photosynthesis was promoted, which 
improved the N uptake metabolism. The photosyn-
thetic efficiency and N content of P. japonicus may 
have decreased under long-term, substantially eCO2 
conditions because eCO2 affected the metabolism 
and utilisation of N via photosynthetic physiological 
processes, such as  the synthesis of  photosynthetic 
pigments (Wang et al. 2003), and because eCO2 af-
fected the photosynthetic efficiency by  influencing 
the availability of N in the plant, and because the in-
fluences of these two effects were reciprocal. Given 
that there was a time effect of eCO2 on the growth 
of P. japonicus, there was no significant correlation 
between the N  content and the photosynthetic ef-
ficiency of P. japonicus under eCO2. However, both 
the photosynthetic efficiency and the N  content 
were reduced under long-term, substantially eCO2 
conditions. This indicates that N affected the growth 
of P. japonicus in response to eCO2 conditions main-
ly when seedlings were subjected to prolonged ex-
posure to eCO2 conditions.

The effect of long-term eCO2 on plant growth de-
pends on the balance of supply and demand as well 
as plant biomass allocation and the source–sink bal-
ance during the plant growth period (Jifon, Wolfe 
2002). In this study, the adverse effects of substan-
tially eCO2 conditions on the growth and N nutri-
tion of P. japonicus were observed on day 51 of the 
treatment, which may be  attributed to  the small 

size of P. japonicus seedlings, and the change in the 
source–sink balance of P. japonicus over time. Un-
der long-term eCO2 conditions, the organic mat-
ter produced by  photosynthesis could not be  fully 
utilised by plant growth, resulting in a source–sink 
imbalance to  inhibit growth. Feedback inhibition 
of  carbohydrate accumulation under eCO2 condi-
tions could also explain why plant growth was af-
fected (Bunce, Sicher 2003).

CONCLUSION

Moderately eCO2 was beneficial for P. japonicus 
photosynthesis and growth, whereas substantially 
eCO2 promoted photosynthesis and growth in  the 
short-term but inhibited photosynthesis and growth 
in  the long-term. Owing to  the temporal effect 
of  eCO2 on  the growth of  P. japonicus, there was 
no  significant correlation between the N  content 
and photosynthetic efficiency of P. japonicus under 
eCO2; however, the photosynthetic efficiency and 
N content of P. japonicus were reduced under pro-
longed exposure to  substantially eCO2 conditions. 
We  consider that the long-term inhibitory effect 
of eCO2 on the growth of P. japonicus can be regu-
lated by N, taking into account the source–sink bal-
ance during the growth of P. japonicus.
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