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ABSTRACT

In the current climate-changing scenario with a steadily rising CO, concentration, there is a chance that crop
performance will be affected in terms of growth, yield, and quality. Therefore, an experiment was conducted in a
glasshouse using a randomized complete block design with four replications to investigate the effect of short and
long-term elevated CO, on growth performance and chemical markers of Stevia rebaudiana Bertoni. The CO, in
the glasshouse was gradually elevated from 400 ppm to 1800 ppm weekly. The plants were exposed to elevated
CQ, for four months (T1), two months (T2), and one month (T3), while the control plants (T4) were grown under
ambient CO, (aCO,) levels to assess the effect of elevated atmospheric carbon dioxide (eCO,) on stevia crop
growth performance and steviol glycosides content. The number of branches per plant, plant height, number of
leaves per branch, and plant biomass were found to be significantly increased under eCO, treatment over aCO,
treatment. The eCO, increased photosynthetic rate by 46% for T1, 45% for T2, and 29% for T3 over control plants
(T4) at 39 month of planting. The enhancement in photosynthesis is attributed to an increase in stevioside; with a
33% increase for T1 28.83% for T2 and 11% for T3 over aCO,. Similarly, the rebaudiosides A were also significantly
increased by 32.8% for T1, 25% for T2, and 15% for T3 compared to the control under aCO,. Based on our findings,
we concluded that eCO, levels positively influenced the growth, biomass, and glycoside content by enhancing the
physiological performance of Stevia rebaudiana Bertoni.
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taste, it is also known as honey leaf, sweet leaf, or candy leaf
(Lemus-Mondaca et al., 2012; Shivanna et al., 2013). Steviol
glycosides, which are non-caloric sweeteners in nature are
the chemical compounds found in Stevia rebaudiana which
is responsible for the sweetness (Madan et al., 2010). It has
been showed by several studies that it may have beneficial
effects on type Il diabetes (Misra et al., 2011; Vazquez-
Baxcajay et al., 2014; Ahmad et al., 2020). The sweetening
power of stevia powder is 30 times greater while its extract
is found to be 200-300 times sweeter than table sugar (Cruz,
2015). The main content found in stevia as sweeteners are
stevioside and rebaudioside A, which are its focal active
ingredients, and it mainly found in leaves in higher amounts
than other parts of the plant (Vazquez-Baxcajay et al., 2014;
Cruz, 2015). The leaves of stevia also contain a high amount
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of phenolic compounds, chlorophylls, carotenoids, and vitamin C. It is also a good source of crude fiber,
carbohydrates, protein, and minerals that promote wellness and reduce the risk of certain diseases
(Khiraoui et al., 2017).

It is well understood that the greenhouse gas concentration has been increasing in the atmosphere
since the pre-industrial revolution because of human activities. The concentration of carbon dioxide is
dramatically increasing among other greenhouse gasses, due to the consumption of fossil fuel and the
change in the use of land resulting in the 19"-century industrial revolution (Abzar et al., 2017; Dusenge
et al., 2019; Zheng et al., 2019). It was reported by the Intergovernmental Panel on Climate Change
(IPPC), in 2013, that the amount of CO, in the atmosphere has grown dramatically from 280 parts per
million(ppm) (Before the industrial revolution) to over 400 ppm (Current level), growing at a rate of
about 1.5 to 2.0 parts per year. The concentration of CO, may even surpass 1000 ppm by the end of
this century (Sivaramanan, 2015; Abzar et al., 2018). The higher atmospheric CO, concentration may
drastically impact the structure and function of natural and managed ecosystems (Wand et al., 1999;
Zhang et al., 2011).

It has been illustrated by several scientific reports that higher CO, levels generally increase plant
net photosynthetic rate, referred to as the "CO, fertilization effect" in particular for C, species (Lee et
al., 2001; Morgan et al., 2007; Yu et al., 2012; Singh & Reddy, 2016). However, in contrast to the above
findings some other reports have shown that the photosynthetic rate was not marginally enhanced and
even dropped when the plants were exposed to long-term high CO, concentrations (Salvucci et al., 2004,
Robredo & Perez-Lopez, 2010). Elevated atmospheric CO, concentrations typically have two immediate
and transient physiological impacts on plants. First, it will increase the rate of photosynthesis in the leaves
because enzymes responsible for fixing CO, operate more efficiently at higher CO, concentrations.
Second, it will reduce transpiration water loss by causing partial stomatal closure. Additionally, if plants
are exposed to high CO, concentrations for an extended period, secondary consequences can occur.
These include changes in the plant's chemical content, leaf morphology, and overall architecture, as
well as alterations in respiration rates (Poorter & Perez-Soba, 2002). Excessive electrons can combine
with O, under ambient CO, levels to create hazardous reactive oxygen species (ROS), which can then
cause photo-inhibition, particularly in plants like stevia that follow the C, photosynthetic pathway (Foyer
& Shigeoka, 2011; Sanoubar et al., 2016). Extreme ROS in plants can seriously damage protein, lipids,
and nucleic acids, leading to oxidative stress if photo-protective mechanisms are not present or if the
decline in CO, assimilation is accompanied by an increase in the potency of another sink for absorbed
radiation (Garcia-Plazaola et al., 2003; Gill & Tuteja, 2010). Several terrestrial C, plant species have
increased ribulose biphosphate (RuBP) carboxylation by enhancing rubisco's affinity for CO, at the
expenditure of the oxygenation process under short-term elevated CO, (Ibrahim & Jaafar, 2017; Walker
et al., 2021). This increase in carboxylation will decrease photorespiration which is the cause of a
decrease in photosynthesis by 20-30% ultimately increasing the net photosynthetic rate (Moroney et
al., 2013). In addition to increased carboxylation, higher CO, levels often result in decreased stomatal
conductance, which declines consumptive water demand to support plant development. Increased CO -
induced decreases in photorespiration may also lessen the build-up of water, which would moderate
oxidative stress and potentially shield the photosynthetic machinery (Zinta et al., 2014).

By increasing the photosynthetic carbon uptake, CO, elevation could also enhance the amounts of
secondary metabolites, ultimately enhancing the plant's antioxidant activities and lowering ROS levels
(Zinta et al., 2014). Generally, the increase in plant growth happens due to enhanced photosynthesis
under elevated CO,. Elevated levels of CO, can change carbon partitioning/allocation in addition to
promoting photosynthesis and aboveground growth. The distribution of photosynthate belowground can
be preferentially induced by increased atmospheric CO, and carbon supply. (Prior et al., 2011; Rai et al.,
2016). Mostly the extra biomass produced by plants under elevated CO, is for belowground (Rogers et
al., 1994; Prior et al., 2010), frequently leading to a higher ratio of roots to shoots (Rogers et al., 1996).
This makes sense because, according to Prior et al. (2011), plants typically allocate photosynthate to the
tissues that require it to obtain the most limiting resource water or nutrients when CO, levels are raised.
Previous studies mainly focused on cereals crops such as wheat, rice, and barley, but comparatively less
work has been carried out on stevia growth and its productivity under elevated CO, specifically under
short-term elevated CO,. Therefore, the growth and biomass of stevia under elevated CO, are the focus
of this study. It has been observed that various C, crops promote plant growth under elevated CO,and, on
the other hand, increase biomass by favorably impacting the plant's physiological processes. The concept
of growing stevia plants under short and long-term elevated CO, is the new aspect of this research. In this
context, a greenhouse study was conducted to investigate the effect of short and long-term elevated CO,
on the growth performance, biomass, and chemical markers of Stevia rebaudiana Bertoni.
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MATERIALS AND METHODS

Experimental site and planting materials

The current experiment was conducted under glasshouse conditions. The glasshouse was in Putra
Agriculture Center (PAC), Universiti Putra Malaysia (UPM), Serdang, Selangor and Tenaga National
Berhad Research (GHTNBR), Kawasan Institusi Penyelidikan, Jalan Ayer Itam, Kajang, Selangor.
The glasshouse with elevated CO, was constructed in such a way that the plant can receive a 12 hr
photoperiod and an average photosynthetic photon flux density of 330 umoL m? s™'. High-pressure CO,
cylinders were used which provided 99.8% pure CO, and were continuously applied from 8:00 to 10:00
a.m. at two hr a day through a pressure regulator, into the fully sealed 5 m x 3.67 m greenhouses. Air
sense CO, sensors designated to each chamber were used to measure the CO, concentrations during
the CO, exposition period. The CO, level increased weekly from 400 ppm to a maximum of 1800 ppm
with 400 ppm of increment per week. The greenhouse was equipped with the dripped fertigation for
irrigation purposes. The seedlings of Stevia rebaudiana Bertoni were prepared from stem cutting. The
seedlings of Stevia rebaudiana Bertoni with a height of 7-8 cm were transferred to medium containing
coco-peat without soil in 16 cm x 16 cm size (16 x 16) polyethylene bags. Day and night temperatures
were maintained from 27-35°C and 18-21°C, respectively. The relative humidity was maintained from
50% to 60%. To allow the plant to grow under their natural environment stevia plants were grown under
50-60% shade (light intensity 225+50 umoL m s') using black netting.

Experimental setup

The experiment was carried out in a randomized complete block design (RCBD) with four replications
for each treatment. The plants exposed to elevated levels of CO, for four months until the final harvest
was considered as (T1). Plants exposed to elevated CO, levels for two months were named (T2), and
after two months, the plants were transferred to a normal glasshouse and kept under ambient CO,
levels for another two months until final harvest. For (T3) the plants were grown under elevated CO,
for one month. The (T3) treated plants were transferred to a normal glass house under ambient CO,
level after one month and were kept there until final harvest at the fourth month of transplanting. For
control (T4), the plants were not exposed to elevated CO, levels but were grown under ambient CO,
concentration for four months until the final harvest.

Growth components measurement

All the growth components for our stevia plants like plant height, number of branches per plant, and
number of leaves per branch were measured monthly until four months after transplanting. To measure
plant height, the plant was selected from ground level to the tip of the longest leaf while a number of
branches and leaf number were visually counted for each treatment and control following the method
from Wood and Roper, (2000).

Measurements of physiological components

The physiology-related components from our stevia plants were measured at 60 and 120 days
of transplanting. The measurements of the physiological parameters namely, photosynthesis (umoL
CO, m=2s™), leaf stomatal conductance (umoL CO, m™ s™), transpiration rate (umoL H,O m™ s™"), and
intercellular CO, (umoL CO, m™ s™") were recorded in the morning (9:00 & 10:00 am) of a sunny day
using a portable photosynthesis system (Li-6400XT, LI-COR, Lincoln, NE, USA) adjusted at 400 umoL
moL™" CO, 1000 umoL m™ s™" irradiance and saturated light condition (solar radiation>1200 umoL. m™
s™') on the abaxial surface of a fully expanded leaf from the top of the plant (Doni et al., 2018).

Biomass analysis

Biomass was evaluated at two harvesting frequencies. The plants grown in one m? area were cut
manually for biomass analysis. The plants were carefully separated from the soil to measure plant fresh
and root fresh weights. The plant shoot and root fresh weight was measured in kilograms (kg). For
measuring dry weight for canopy and roots (biomass), the plants were dried in the oven at 70°C for 48
hr, and canopy biomass and root biomass were measured in kilograms (kg). The total shoot and root
fresh and dry weight were converted into ton/ha using the following formula suggested by (Morelli &
Capurso, 2012).

(t/ha = (kg/m (obtained weight/1000) * 10000) - Equation 1
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In the above formula, the biomass obtained in kg/m was divided by 1000 and the value was multiplied
by 10000 to convert it into tons per hectare (t/ha).

Extraction and analysis of steviol glycosides

To extract steviol glycosides, healthy and fresh leaves were collected from the plants and washed
and cleaned under running tap water. After washing, the leaves were dried in a hot air oven at 40°C
till they reached a consistent weight. Afterward, a filtrate from the leaves was made, and the SGs
(Steviol Glycosides) were measured using a Waters high-performance liquid chromatography system
(996 Photodiode Array Detector). 10 mL of methanol was used to soak 100 mg of ground leaf sample
for an overnight period to extract stevioside and Reb-A. After that, the mixture was then filtered through
filter paper. N-hexane was used to help in the extraction of the fats from the sample after the filtrate
was dried under low pressure. After the process of fat extraction, the extract was dissolved in 10 mL
of HPLC-graded acetonitrile and water (8:2) mobile phase and afterward filtered through a microfilter
with a pore diameter of 0.45 m. Stevioside and Reb-A were quantified using standard samples to create
standard curves. To maintain the rest of the working conditions of the instrument, the methods from Pal
et al. (2015b) were followed.

Statistical analysis

To statistically analyze the data one-way analysis of variance (ANOVA) of the SAS 9.4 was used.
Means from all the treatments were separated using Fisher's protected Least Significance Difference
(LSD) mean separation at a 5% probability level.

RESULTS

Growth attribute

Our results showed that plant height, number of branches, and number of leaves per plant were
significantly (P<0.05) enhanced with CO, elevation. Figure 1aillustrates that plant height was significantly
increased by exposing the plants to elevated CO, by comparing to ambient CO, level. After one month
of transplanting, no significant differences were seen among all the CO,-treated plants, however, the
results CO2 CO2-treated plants were significantly higher than those plants that were grown under
ambient CO, as a control. At month four, the maximum plant height was produced by those plants that
were exposed to elevated CO, for the entire growth cycle (T1) (87.94 cm), which was 20% higher than
control plants (T4) (70.19 cm) under ambient CO, level.

The results summarized in (Figure 1b) showed that a similar pattern to plant height was seen for
the number of branches as well. The plants grown under elevated CO, for one month (T3), two months
(T2), and four months (T1) produced a significantly higher number of branches compared with non-
CO,-treated plants. However, in the first month after transplanting, no significant differences were seen
among all the CO,-treated plants. At 3" month of growth, the maximum number of branches per plant
was recorded for plants treated with elevated CO, for four months (T1) (23 branches plant '), 21.7%
higher than T2 and T3 and 34.5% higher than control. No significant difference was seen among (T2)
and (T3) plants.

Following the same pattern to plant height and number of branches, significant differences in
number of leaves per branch were seen among stevia plants grown under elevated CO, concentration
by comparing the results to those plants which were grown under ambient CO, (Figure 1c). At 3rd month
of planting, the leaves number per plants for T1 plants was recorded 16.9% higher than control plants
(T4). No difference was seen in T2 plants, while T3 plants showed only a 1.2% enhancement in leaves
number compared to control. The highest leaves number per branch was recorded for CO,-treated
plants at the early growth stage, while in 4" month of planting, the plants treated with elevated CO, for
two months (T2) and the plants grown under ambient CO, (T4) showed a decline in number of leaves.

Physiological parameters of leaves

All physiological parameters, including photosynthesis, stomatal conductance, transpiration rate,
and internal CO, were positively influenced by CO, elevation compared to control plants grown as a
control under ambient CO, levels. Net photosynthesis rates were significantly higher in plants grown
under elevated CO2. The significant difference in photosynthesis rates between treatment and control
for short- and long-term elevated CO2 has been seen. In 3 month (Table 1), the maximum average
photosynthetic rate was recorded for (T1) plants, which was 46% higher than control, followed by (T2),
with 45% and T3 treated plant showed a 29% increment while comparing with control plants (T4). At
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4™ month of transplanting, similar patterns were seen for CO,-treated and non-treated plants. Similar
to month three, the maximum average photosynthesis rate was shown by (T1) plants with a 48%
increment to control. Plants treated by T2 showed a 29.4% increment, while T3-treated plants showed
17.4% enhancement compared with control (Table 2). Overall, the trend was the same in the 3 and
4" months of growth. However, the net photosynthesis rate was lower in the 4th month for T2, T3, and
even control (T4) plants compared with the 3 month. T1 was seen with a higher photosynthesis rate
at month four as well.
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Fig. 1. Plant height (a), Number of branches per plant (b) Number of leaves per branch (c) of stevia at different months as

influenced by elevated and ambient CO, levels.
Bars represent means and error bars show standard errors. This means that the same letters within a month are not significantly different at p<0.05

according to the LSD test.
Notes: T1: Plants exposed to elevated CO, for one month. T2: Plants exposed to elevated CO, for two months. T3: Plants exposed to elevated CO,

for four months. T4: Plants grown under ambient CO, as a control.

Stevia plants grown under elevated CO, show a decrease in stomatal conductance compared to
plants grown under ambient CO, concentration. We found from our current research that the stomatal
conductance was decreased by 68% in (T1) plants, 40% in (T2) plants while the stomatal conductance
was only reduced by 12% in (T3) treated by comparing with control (T4) at 3 month after planting
(Table 1). At fourth month of planting the stomatal conductance were lower down by 79% for T1 treated
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plants, 47% for T2 treated plants and 40% for T3 treated plants by comparing with control plants (T4)
under ambient CO,, (Table 2).

Following a similar pattern to stomatal conductance, the transpiration rate was also found to be low
for CO,-treated plants compared with plants grown under ambient CO,. Our results for the current study
showed that the transpiration rate was decreased by 51% in (T1) plants followed by (T2) plants by 39%,
and 17% decreases in transpiration were recorded for T3 treated plants by comparing with control at
3" month (Table 1). At 4" of transplanting 30% decrease were recorded for T1, 19% for T2 and 12%
for T3 (Table 2) treated plants than control plants (T4). Similarly, the level of internal CO, was found to
be high for CO,-treated plants. The plants grown under 100% CO, (T1) had 15% higher internal CO,
than control plants. Internal CO, for (T2) plants was observed with 12% increment than control, while
no difference was seen between (T3) plants and control at 3" month of growth (Table 1). At month four,
(T1) plants showed 15% increment in internal CO, followed by (T2) 08% while T3 treated plants did not
show any significant to control plants (Table 2).

Table 1. Stevia plant physiological parameters at 3" month as influenced by elevated and ambient CO, level

Physiological data in 3 month

Treatments PR (umoL CO,m?s") _ SC (umoL CO,m?s") TR (umoL H,Om?s") __ Ci (umoL CO,m?s)
% 97a 0.265d 223¢ 279.34 a
T2 96a 0.502 ¢ 279¢ 27039 b
3 7.4b 0.739b 3.79b 246.36 ¢
T4 52¢ 0.843a 4622 237.26 d

Means with the same letter in a column are not significantly different According to protected Least Significance Difference (LSD) mean separation
at a 5% probability level.

Footnotes: T1: Plants grown under elevated CO, for one month. T2: Plants grown under elevated CO, for two months. T3: Plants grown under
elevated CO, for four months. T4: Plants grown under ambient CO, as a control.

Table 2. Stevia plant physiological parameters at 4"month as influenced by elevated and ambient CO, level

Physiological data at 4" month

Treatments PR (umoL CO,m2s™) SC (umoL CO,m=2s™") TR (umoL H,O0m2s™") Ci (umoL CO,m=2s™")
T 99a 0.116 d 1.33d 276.33 a
T2 72b 0.303 ¢ 1.55¢ 258.66 b
T3 6.2¢c 0.342b 1.68b 240.33 ¢
T4 51d 0.573 a 1.92a 233.66 d

Means with the same letter in a column are not significantly different According to protected Least Significance Difference (LSD) mean separation
at a 5% probability level.

Footnotes: T1: Plants grown under elevated CO, for one month. T2: Plants grown under elevated CO, for two months. T3: Plants grown under
elevated CO, for four months. T4: Plants grown under ambient CO, as a control.

Biomass analysis

The elevated CO, concentration positively influenced the plant's performance in terms of biomass.
Table 3 shows that fresh shoot weight obtained from (T1) plants was 8.16 ton/ha, which was 33% higher
than control, followed by (T3) plants with a 12% increment to control. T2-treated plants did not show
any increment by comparing with control on 3 month of growth. At month four, the maximum shoot
fresh weight was obtained from (T1) plants (10.16 ton/ha), which was 37.7% higher than the control,
followed by (T3) plants with a 15% increment to control, while no enhancement was seen for (T2) plants
to control. The shoot dry weight was found to have a similar trend. The (T1) plants showed 47% higher
performance, followed by (T3) plants 35% higher than the control in 3 month (Table 3). However, the
performance for (T2) plants was recorded at 16% lower than control at month 3. In 4" month of growth,
the total dry weight obtained from (T1) was 3.3 tons/ha, significantly higher than control. The minimum
weight for root dry weight was recorded for (T2) plants which were significantly lower than control while
(T3) plants were found with a 14% increment than control in terms of root dry weight at the 4" month of
transplanting (Table 4).

The results, summarised in Tables 3 and 4, illustrate that plants under elevated CO, had higher
values in root fresh and dry weight than those grown under ambient levels of CO, as a control. After
three months of transplanting, the maximum value for root fresh weight was recorded for (T1) plants,
which was 43% higher than the control. (T2) and (T3) plants show 30% increment to control. No
significant difference was seen among (T2) and (T3) plants in terms of root fresh weight at 3" month of
their growth (Table 3). In 4" month of planting, (T1) plants were found with an 18.5% increment, while
no significant difference was seen for (T2) and (T3) plants when the results were compared with control
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(T4) (Table 4). Root dry weight followed a similar pattern to root fresh weight. The highest value of root
dry weight was recorded for (T1) treated plants, which was recorded 65% higher than control, followed
by T3 (56%), and 53% highest value was found for (T2) treated plants by comparing with control at 3™
month of growth. At month four, the maximum average value for root dry weight was recorded for (T1)
plants, which was 14% higher than control, followed by no significant difference among (T2), (T3), and
control (T4).

Table 3. Effect of elevated CO, on biomass (fresh and dry weight) on stevia at 3 month of planting

Biomass data at 3rd month

Treatments SFW (ton/ha) SDW (ton/ha) RFW (ton/ha) RDW (ton/ha)
% 8.16a 266a 1.06 a 063a
T2 533¢ 1.25¢ 0.86 b 0.48b
3 6.16 b 231b 0.87b 0.51b
T4 541c 149c 0.60 c 0.22¢c

Means with the same letter are not significantly different According to protected Least Significance Difference (LSD) mean separation is at a 5%
probability level.

Footnotes: T1: Plants grown under elevated CO, for one month. T2: Plants grown under elevated CO, for two months. T3: Plants grown under
elevated CO, for four months. T4: Plants grown under ambient CO, as a control

Table 4. Effect of elevated CO, on biomass (fresh and dry weight) on stevia at 3 month of planting

Biomass data at 3rd month

Treatments SFW (tonvha) SDW (ton/ha) RFW (ton/ha) RDW (ton/ha)
T 10.16 a 333a 1242 077a
T2 583 ¢ 173¢ 1.01b 0.66 b
T3 6.83b 273b 1.00b 0.65b
T4 6.33 bc 235¢ 1.01b 0.66

Means with the same letter are not significantly different According to protected Least Significance Difference (LSD) mean separation is at a 5%
probability level.

Footnotes: T1: Plants grown under elevated CO, for one month. T2: Plants grown under elevated CO, for two months. T3: Plants grown under
elevated CO, for four months. T4: Plants grown under ambient CO, as a control

The subsequent effect of elevated CO, on glycosides in stevia

The results from the current showed that the elevated CO, has positively influenced the glycoside
content in stevia plants. Glycosides (steviosides & rebaudiosides a) were found in greater amounts
in CO,-treated plants than in plants grown under ambient CO, as a control. The highest amount of
stevioside was found in (T1) plants, which was 33% greater than control, followed by (T2) plants
(28.83%). In comparison, T3-treated plants showed 11% higher values than control (Figure 2). A similar
pattern was followed by rebaudiosides A, where the maximum average values were recorded for (T1)
plants 32.75% higher than control, followed by (T2) plants with 25% increment. In comparison, T3-
treated plants were found with 15% higher values than the control (Figure 3).

DISCUSSION

Stevia plants follow C, photosynthetic pathway and could be influenced by atmospheric CO, levels.
The growth and development of plants are directly and indirectly influenced by CO, through altering a
variety of physiological processes. As we know CO, has a direct effect on photosynthesis and stomatal
conductance which is why plant growth altered with CO, elevation in the atmosphere. (Seneweera &
Conroy, 2005; Ainsworth et al., 2008; Singh & Reddy, 2016). However, besides the higher carbon supply
to the growth of roots and shoots under elevated CO,, the overall growth of plants at elevated CO, also
depends on the post-photosynthetic process, which may alter nitrogen and carbon metabolism, cell
cycle characteristics, and hormone metabolism. In our current research, we found that elevated CO,
has significantly enhanced the overall growth pattern of our stevia plants by comparing them with plants
grown under ambient CO, levels. The result from our current study shows similarity with Ainsworth and
Long (2005), where they mention 17% growth enhancement for C, crops like rice, wheat, and soybean
from their meta-analytic review of elevated CO, (475-600 ppm with ambient temperature). Being C,
crop stevia followed a similar pattern of growth enhancement under elevated CO,. Our current results
are also similar to Degraaff et al. (2006) in terms of plant height, where they reported C, plant height
enhancement by 10-12% under 700 ppm of elevated CO,. Gene expression related to cell growth,
division, and cell wall characteristics is influenced by elevated CO,. The set of processes that occurs
inside a cell before the division of the cell is known as the cell cycle. Various environmental factors,
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including CO, influence the cell cycle (Kinsman et al., 1997; Dong et al., 2018). It has been proposed
that if there is be high carbon supply under higher CO, concentrations in the environment it may
speed up the division of the cell and meristematic tissue expansion which will promote the growth and
development of the plants at early stages. (Thilakarathne et al., 2015). Plants have been seen to be
more productive under elevated CO, concentration because photosynthesis depends on using sunlight's
energy to synthesize sugar from CO, and water. In general, the overall growth performance of stevia
was positively affected by both short and long-term CO, by comparing with plants grown under ambient
CO, as control. However, the plants exposed to elevated CO, for the entire growth period showed
maximum values in the number of branches per plant, plant height, and number of leaves (Figure 1a,
1b & 1c) in the 3™ and 4" months after planting. The current results also showed that plants perform
better at early growth stages than in maturity. The enhancement in photosynthesis under elevated CO,
results in higher sugar production, together with fructose, glucose, and raffinose (Watanabe et al., 2013;
Aranjuelo et al., 2015). The production of these sugars in excess amounts enables the development
of new sink organs, in which leaves, stems, tiller, and seeds are included. The final growth response
to CO, is determined by these organs' developmental plasticity. However, early vegetative stages of
plants exhibit significantly stronger responses to elevated CO, than later stages. (Seneweera et al.,
2002). Leaky et al. (2009) also suggest that elevated CO, causes an increase in plant photosynthesis;
however, the response's strength can fluctuate depending on the stage of plant development.
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Fig. 2. Effect of elevated CO, treatments on stevioside content in stevia leaves
Bars represent means and error bars show standard errors. This means that the same letters within a month are not significantly different at p<0.05
according to the LSD test.
Footnotes: T1: Plants exposed to elevated CO, for one month. T2: Plants exposed to elevated CO, for two months. T3: Plants exposed to elevated
CO, for four months. T4: Plants grown under ambient CO, as a control.

Carbon dioxide is playing important role in photosynthesis. Higher levels of CO, positively enhance
photosynthetic rates, and the primary factor contributing to this increment in photosynthesis is an
enhancement in carboxylation efficiency, which is comparatively low at the current level of CO, in
the atmosphere. Therefore, if the concentration of CO, rises in the atmosphere, it will increase the
CO,/O, ratio; as a result, the rate of photorespiration will be slowed down and will promote Rubisco's
carboxylation efficiency (Bowes, 1991; Chang et al., 2016). In our current study, we found that the
plants grown under elevated CO, showed the highest photosynthesis rate for the entire growth
cycle (T4) followed by plants exposed to elevated CO, for two months (T2) and one month (T1). The
photosynthetic rate is positively associated with the efficiency of photosystems | and Il (PSI & PSllI),
which also respond positively to elevated CO,. Higher CO, concentration also increases the production
of adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH), which
are the two essential substances needed to activate photosynthetic enzymes (Vanheerden et al., 2007,
Zhang et al., 2008). The photosynthetic rate at 4" month of transplanting was significantly higher for all
CO,-treated plants compared with control plants under ambient CO,. However, it was noticed that at
month four, the photosynthesis rate was not as high as month 3rd and it was possibly due to the maturity
stage of plants, as at 4™ month the stevia plants were fully matured and were ready to harvest. Our
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findings agree with Ainsworth and Rogers (2007), who reported a 40% enhancement in photosynthesis
for their C, crops under elevated CO, of 700 ppm. Our results also show similarity to Vanderkooi et al.
(2016) and Engineer et al. (2016), who reported a 40-50% enhancement in photosynthesis for C, crops
like rice, wheat, and soybean under elevated CO,,.
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Fig. 3. Effect of elevated CO, treatments on rebaudioside content in stevia leaves
Bars represent means and error bars show standard errors. This means that the same letters within a month are not significantly different at
p<0.05 according to the LSD test.
Footnotes: T1: Plants exposed to elevated CO, for one month. T2: Plants exposed to elevated CO, for two months. T3: Plants exposed to elevated
CO, for four months. T4: Plants grown under ambient CO, as a control.

From our current finding, we found that stevia plants grown under elevated CO, were seen with low
stomatal conductance, transpiration rate, and intercellular CO, when the results were compared with
those plants that were grown under elevated CO, concentration. It has been reported by Engineer et al.
(2016) that higher than ambient CO, concentrations mediate a closer of stomatal pores in plants while
low CO, concentrations trigger the opening of stomatal pores. Turgor pressure of the guard cell also
determined the size of the stomatal aperture, which is mediated through ion concentration (Fernie et
al., 2011). According to reports, increased CO, causes stomatal defects because it upsurges the activity
of apparent repairing K* channels comparatively to inward rectifying K* channels. (Brearley & Blatt,
1997). Moreover, increased CO, causes guard cells to release CI~ and concentrate more Ca,+ inside
of them. By depolarizing the membrane potential of guard cells, these modifications aid in the closing
of stomata which is commonly happening under elevated CO, (Hanstein & Felle, 2002). Our current
results follow a similar pattern to that of Ainsworth and Rogers (2007), where stomatal conductance
was reduced by an average of 22% with CO, elevation in C, crops (rice, wheat, soybean). By diffusing
down a concentration gradient from the bulk air outside to the intercellular spaces inside, carbon dioxide
enters the leaves. It then diffuses to the fixation sites in the stomas’ chloroplast after dissolving in the
liquid on mesophyll surfaces. Since this path's center is the intercellular CO, concentration (Ci), it
plays a central role in the availability of CO, for photosynthesis (Boyer, 2015). McDonald et al. (2002)
reported decreased transpiration rate and stomatal conductance while increased internal CO, for C,
crops under eCO2 which are similar to our results. Our current research finding also follows a similar
trend to Vandarkoi et al. (2016) and Engineer et al. (2016), where they found increased Ci by treating
plants with elevated CO, concentration.

Ithas been well explained in the earlier section that elevated CO, always increases the photosynthetic
rate and lowers transpiration by decreasing stomatal conductance. Elevated CO, causes a wide range
of secondary effects on plant physiology during the growth period because photosynthesis and stomatal
behavior are essential to the metabolism of plant carbon and water. The accessibility of additional
photosynthate enables most plants to grow faster under elevated CO, and enhances plant growth
parameters like plant height, number of branches, and leaf area. This increase in plant morphological
parameters by altering the plant physiology ultimately increased the plant biomass. As we know
Plant biomass (W) is the total weight of below and above-ground plant material at the unit of ground
surface area at a given point in time. Our results, summarised in Tables 3 and 4, show the increment
in biomass from stevia plants with CO, elevation. According to several studies, plants grown under
elevated CO, showed an average increment in dry matter production of 17% for the aboveground
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portion of the plants and more than 30% for the belowground portion (Ainsworth & Long 2005; Degraaff
et al., 2006). This growth enhancement is also redirected in the yield of other harvestable crops, with
wheat, rice, and soybean all showing increases in yield of 12-14% under elevated CO, (Long et al.,
2006; Ainsworth, 2008). Lamichaney et al. (2021) reported that under eCO2 conditions the total dry
weight of chickpea (C3 crop) was 28-29% higher which is in support of our results from the current
experiment. Canada thistle (Cirsium arvense) showed a 180% increase in biomass under elevated CO,
which is widely considered one of the most invasive species in the continental United States, (Ziska,
2003). Ainsworth and Long (2005) and Degraaff et al. (2006) reported a 30% increment in biomass in
C, crops like rice, wheat, and soybean under elevated CO, of 750 ppm which supports the results from
the current study.

The results from the current research showed that elevated CO, has positively influenced the
glycoside content in stevia plants. Glycosides (steviosides & rebaudiosides) were found in greater
amounts in CO,-treated plants than in plants grown under ambient CO, as a control. This is because
higher levels of CO, in the atmosphere promote soluble sugar accumulation in the edible parts of C,
vegetables. Triose phosphate, which can be further converted into other carbohydrates, is synthesized
in leaves more readily due to the enhanced CO, fixation under elevated CO, levels (Long et al., 2004).
The meta-analysis from Dong et al. (2018) showed that elevated CO, increased glucose concentrations
by 13.2%, fructose by 14.2%, sucrose by 3.7%, and total soluble sugar by 17.5% in terms of all selected
vegetables for their study. The results are summarised in Figures 2 and 3, which show similarities to
Dong et al. (2018) regarding sugar increment. Mostly the chemical structures of all soluble sugars
are similar. Jin et al. (2009) also concluded from their study that the increment in total soluble sugar
in leaves under elevated CO, was the greatest (36.2%) among all the classes of vegetables. This
enrichment in soluble sugar can reach from 38 to 188% in Chinese cabbage leaves and 16-53% in oily
sow thistle leaves. The total soluble sugar in strawberry fruits was seen to be enhanced by 20% under
elevated CO, of 950 ppm comparatively to ambient CO, level (Wang & Bunce, 2004). Similarly, under
1,000 ppm of CO, as opposed to 400 ppm as a control, the total soluble sugar increment was 13% in
radish and 20% in turnip (Azam et al., 2013). The results from our current study show similarities to all
the above findings in terms of soluble sugar. All the above findings support our results from the current
study as stevia is a C, crop and most of the above studies have been carried out on C, species.

CONCLUSION

The current results show that elevated CO, generally positively enhances growth and biomass
by enhancing the physiological parameters, especially photosynthesis, and reducing the stomatal
conductance and transpiration rate. However, it is also clear from the above findings that exposing the
stevia plants to long-term elevated mean until the final harvest produces more biomass than short-term
exposure to CO.,,.
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