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Abstract Global climate change has made carbon neutral-
ity a crucial goal. The karst environment, with high bicarbo-
nate content, challenges plant growth and carbon sequestra-
tion. Bicarbonate has both negative and positive effects on
plants, and selecting suitable crops to effectively leverage the
positive effects of bicarbonates is vital for karst agriculture.
This study aimed to investigate how different bicarbonate
concentrations affect organic acid exudation from maize
roots. It also explored the impact on silicon uptake, growth,
photosynthesis and cellular metabolic energy in two maize
varieties (Jingke 968 and Tiannuo 182) and compared their
adaptability to bicarbonate environments. The experiment
was conducted in a greenhouse. Maize seedlings were cul-
tured with Hoagland’s nutrient solution containing different
concentrations of NaHCO; (0, 5 and 10 mM). After 21 days,
various indices were measured. The results show that malic
and citric acids were key organic acids in maize’s response
to bicarbonate stress. Jingke 968, under bicarbonate stress,
exhibits reduced photosynthesis and growth, with less
energy for silicon uptake and lower carbon storage in phy-
toliths. Tiannuo 182 adapts better to a 5 mM bicarbonate
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environment. It also exudes more organic acids, improving
its adaptation to high bicarbonate (10 mM) conditions and
enhancing carbon sequestration. Tiannuo 182 is more suit-
able for karst regions with complex bicarbonate environ-
ments as it can allocate more energy to growth and silicon
absorption. The differential response of maize varieties to
bicarbonate stress provides scientific support for variety
selection and zoning in karst cultivation areas.

Keywords Maize - Bicarbonate - Organic acids - Silicon
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1 Introduction

Global climate change is one of our most widely discussed
issues, and addressing global warming represents a universal
challenge. Achieving carbon neutrality is a key solution to
this problem. Karst landscapes are extensively distributed
in China, and karst carbon sinks play a significant role in
helping the country reach its carbon neutrality goals. How-
ever, the karst environment in southwest China is character-
ized by exposed bedrock, rock leakage, poor soil quality,
high pH, high bicarbonate content and elevated calcium and
magnesium levels, which present significant challenges to
the growth and development of local plants as well as their
carbon sequestration potential (Liu et al. 2020b; Wu and Wu
2022; Yang et al. 2022). Among these challenges, bicarbo-
nates, as alkaline salts, significantly negatively impact plant
physiological processes, having detrimental effects on plant
growth and development and the ecological environment in
karst regions.

Bicarbonate negatively impacts plant growth and metab-
olism. Elevated levels of bicarbonate can induce stomatal
closure (Kolla et al. 2007). The accumulation of bicarbonate
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within chloroplasts disrupts the electron transfer chain,
leading to reduced ATP and NADPH production, which
are crucial for the Calvin cycle. This, in turn, results in
decreased carbon fixation and an overall inhibition of pho-
tosynthesis (Poschenrieder et al. 2018). High bicarbonate
concentrations also negatively affect nitrogen assimilation
and carbon fixation enzymes, such as nitrate reductase and
phosphoenolpyruvate carboxylase. The decreased activity
of these enzymes disrupts normal carbon-nitrogen metabo-
lism, impacting protein synthesis and the production of other
essential organic compounds (Bie et al. 2004; Burbulis et al.
2017; Poschenrieder et al. 2018). Furthermore, high bicar-
bonate levels disturb plants’ uptake and distribution of vital
ions. For example, bicarbonate interferes with the absorption
of iron, zinc and other micronutrients, mainly because of the
formation of insoluble complexes with these metal ions in
the soil solution, reducing their availability to plant roots.
High bicarbonate concentrations can interfere with nutrient
absorption, leading to nutrient deficiencies and imbalances,
further weakening the plant’s ability to sequester carbon
(Custic et al. 2008).

However, recently, studies have increasingly explored the
positive effects of bicarbonate on plants. During drought
or other stress conditions, bicarbonate serves as an alterna-
tive carbon source for plants. On the one hand, plant roots
can absorb bicarbonate and transport it to the leaves; on the
other, it helps maintain plant cell water-holding capacity,
providing a short-term water source. This process promotes
stomatal opening, facilitating gas exchange and restoring
photosynthesis (Li et al. 2023). Bicarbonate also regulates
key enzymes in carbon-nitrogen metabolism. It enhances
Calvin cycle enzymes, promotes carbon assimilation and
increases nitrogen reduction enzymes like glutamine syn-
thetase, aiding inorganic nitrogen conversion to organic
nitrogen compounds in plants (Xia and Wu 2022). Further-
more, bicarbonate influences glucose metabolism in plants.
Altering the distribution between glycolysis and the pentose
phosphate pathway boosts plant antioxidant capacity and
stress resistance (Yao and Wu 2021). Plants treated with
appropriate bicarbonate levels showed increased antioxidant
enzymes and osmolyte accumulation under stress, enabling
better environmental adaptation (Burbulis et al. 2022; Yao
and Wu 2021).

Therefore, in the agricultural ecosystems of karst areas,
an urgent issue to be addressed is the selection of appro-
priate crops to effectively leverage the positive effects of
bicarbonates in response to the challenges posed by carbon-
ate environments, thereby enhancing crop yield and carbon
sequestration potential.

Plants can resist environmental stresses by modulating the
exudation of organic acids from their roots (Panchal et al.
2021). Carbon fixed through photosynthesis is the primary
source of organic acids exuded by plants, and the organic
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acids released by the roots are the primary dynamic source
of soil organic acids, representing one of the most active car-
bon pools in the soil and acting as a regulatory carbon sink
(Zhou et al. 2023). In karst soil environments, the increased
organic acids released by plant roots directly affect the
formation and flow of carbon sinks (Zhao and Wu 2011).
Additionally, organic acids exuded by the roots can influence
soil properties, pH and other dynamic changes, profoundly
affecting nutrient availability and microbial activity in the
soil, thus indirectly impacting the plant’s carbon sequestra-
tion capacity (Chen et al. 2021; Panchal et al. 2022). The
exudation of organic acids by plant roots can increase the
availability of poorly soluble nutrients in the soil rhizos-
phere through acidification, chelation, ion exchange and
reduction, thereby enhancing nutrient uptake and promoting
plant growth (Widodo et al. 2010; Liao et al. 2006; Ohta and
Hiura 2016). Low-molecular-weight organic acids, such as
oxalic acid, can form complexes with aluminum and silicate
ester compounds containing SiO,, thus increasing the solu-
bility of Al and Si in water (Sokolova et al. 2018). Therefore,
the exudation of organic acids by plant roots plays a crucial
role in both silicon absorption and utilization and in enhanc-
ing ecosystems’ carbon sequestration potential.

Phytoliths, also referred to as plant phytoliths, are created
when higher plants uptake soluble SiO, from the soil via
their roots during growth. The absorbed SiO, is subsequently
transported through the plant’s vascular system to organs
such as stems and leaves where it precipitates between and
within plant cells, forming amorphous SiO, particles (Ma
and Yamaji 2006). Phytoliths are silicon-impregnated cells
and tissues. During their development, phytoliths encapsu-
late approximately 0.1% to 6% of organic carbon, known
as phytolith-occluded carbon (PhytOC) or phytolith carbon
(Sun et al. 2017; Parr and Sullivan 2011; Rajendiran et al.
2012). The stability of the phytolith carbon is closely linked
to the phytoliths’ stability. Phytoliths exhibit high-tempera-
ture resistance and resistance to degradation, enabling them
to be stored in soil for extended periods. Compared to other
carbon forms, they are more stable and, post-plant death, can
enter the soil and remain sequestered for long durations, not
engaging in the atmospheric carbon cycle for an extended
period. This attribute confers significant carbon sequestra-
tion potential on them (Li et al. 2013; Huang et al. 2014;
Yang et al. 2020).

Research has indicated that the foliar application of
silica solutions can enhance lignin accumulation in rape-
seed stems, promoting lignification, improving mechanical
strength and increasing resistance to lodging (Hu et al.
2022). Silica also stimulates root growth in rice, boosting
root vitality and enhancing the plant’s capacity to absorb
water and nutrients. It causes leaves to grow more upright,
improving light capture and increasing photosynthetic
efficiency. Furthermore, it can reduce transpiration and
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enhance drought resistance (Gao et al. 2004; Chen et al.
2011; Wang et al. 2019). In plants, silica acts as a substi-
tute for carbon in growth and metabolism and enhances
growth efficiency and stress resistance through various
mechanisms (Tuna et al. 2008; Habibi 2014; Souri et al.
2021).

Maize is a crop with high light efficiency and a significant
capacity for carbon sequestration, making it suitable for cul-
tivation in karst regions (Shinano et al. 2004). Additionally,
maize is a silicon-loving plant with a substantial require-
ment for silicon, leading to a considerable accumulation of
phytoliths and the occlusion of organic carbon (Gao et al.
2004). This crop exhibits a high tolerance to drought and
cold, adapts well to poor soil conditions and possesses com-
mendable environmental adaptability (Asai and Soisouvanh
2017; Liu et al. 2021). Research into phytoliths has pre-
dominantly concentrated on their morphological traits and
archeological significance. For example, plant fossils serve
as valuable tools for deducing historical water availability, as
the ratio of long to short cells in phytoliths tends to rise with
increased water availability (Esteban et al. 2018; D’Agostini
et al. 2023).

Plants obtain energy via photosynthesis, which can be
converted into photosynthetic and internal energy. Photo-
synthetic energy is characterized by the net photosynthetic
rate, whereas internal energy pertains to the energy stored
within the plant’s electrical components (including resist-
ance, inductance and capacitance), referred to as metabolic
energy. Both photosynthetic and internal energy collectively
contribute to plant growth, resilience against adversity, ion
uptake and other metabolic processes (Duan et al. 2022).
According to the law of conservation of energy, the energy
required by plants to withstand stress in various environ-
ments is the sum of photosynthetic and metabolic energy
minus the energy expended on the plant’s growth and the
energy needed for metabolic processes such as ion uptake
(Chen et al. 2022). Consequently, the distribution of energy
a plant acquires through photosynthesis among growth,
stress resistance and ion uptake (including silicon uptake)
will dictate the plant’s carbon sink capacity and ability to
adapt to stress.

This study holds significant implications for enhancing
our understanding of carbon sequestration mechanisms in
maize under bicarbonate stress, particularly in karst regions.
By elucidating the role of organic acid exudation, photosyn-
thesis, silicon accumulation and energy allocation in maize’s
response to high bicarbonate environments, the research
contributes to selecting varieties and optimizing maize cul-
tivation practices for both food security and carbon sink
enhancement. The findings also provide valuable insights
into the potential for utilizing maize as a carbon sink in karst
agricultural ecosystems, supporting sustainable agricultural
development and climate change mitigation strategies.

2 Materials and methods

The experiment was conducted in the greenhouse at
Jiangsu University from July to September 2022 and June
to July 2023. The experimental materials included two
maize varieties: Jingke 968 and Tiannuo 182. Seeds of
both varieties were sown in a 50-cell seedling tray, and
after the seedlings emerged, uniform seedlings were
selected and transplanted into pots filled with perlite,
with three plants per pot. The plants were then cultured
with Hoagland’s nutrient solution, with the pH adjusted
to 8.0 +£0.2. The nutrient solution was supplemented with
NaHCOj; at concentrations of (0, 5 and 10 mM). Each
treatment group contained five seedlings, and each treat-
ment was repeated five times. The nutrient solution was
replaced every 2 days to meet the plants’ nutritional needs.
After 21 days of treatment, various indices were measured.

2.1 Sample collection and measurement

2.1.1 Measurement of root organic acid exudation, total
silicon, phytoliths and phytolith-occluded carbon
content (PhytOC)

Following treatment, maize plants were harvested, and
the samples were separated into three components: roots,
stems and leaves. The samples were initially rinsed with
tap water and subsequently washed thrice with distilled
water. They were then blanched at 110 °C for 15 min and
dried at 65 °C until a constant weight was achieved. Post-
drying, the maize roots, stems and leaves were ground
and sieved through a 0.27-mm mesh. Subsequently, the
organic acids within the maize root tissue, as well as the
total silicon, phytoliths and phytolith-occluded carbon in
the roots, stems and leaves, were extracted and analyzed
(Zhao and Wu 2014, 2018; Liu et al. 2020a).

2.1.2 Measurement of photosynthetic indices and plant
height

Between 8:30 a.m. and 11:30 a.m., five plants were ran-
domly selected from each treatment. The fourth or fifth
fully expanded leaves of plants exhibiting consistent
growth were selected for measurement. The net photo-
synthetic rate (Py, pmol m~2 s7!), stomatal conductance
(gs, mmol m~2 s7!) and transpiration rate (E, mmol m~>
s~!) were recorded using a portable Li-6400XT Photo-
synthesis Measurement System (LI-COR, Lincoln, NE,
USA). Furthermore, the instantaneous water use efficiency
(WUE;, pmol mmol~!) was calculated. The measurements
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were conducted in quintuplicate at each treatment level.
The WUE:i calculation formula is as follows:

WUE—PN 1
iTF €))

During the tests, the daily photosynthetic photon flux
density (PPFD) ranged from 56.79 to 1508.81 mmol m~2
s~!,with air temperature maintained at 31.44 +1.25 °C and
CO, concentration at 413.44 + 11.39 pmol-mol™'.

2.1.3 Measurement and calculation of cell metabolic
energy

A homemade parallel plate capacitor sensor connected to
an LCR meter was used to measure the plant electrophysi-
ological signals, including inductance (L), capacitance (C)
and resistance (R) with the clamping force (F) by applying
a test voltage of 1.5 V and a frequency of 3 kHz. The cell
metabolic energy (AGg) was then calculated (Chen et al.
2022). A model of the variation in electrophysiological
parameters of the plant leaf with clamping force was con-
structed to obtain the parameters of the model, as detailed
below:
Capacitance (C):

C = yy+ kF )

Resistance (R):

R=yl+kle™™F 3)
Impedance (Z):

Z=y2+k2e™™F 4)
Here:

Yo» ¥; and y2 are constants representing the initial values
of capacitance, resistance and impedance, respectively.

ko, k; and k2 are constant, representing the sensitivity of
each parameter to the clamping force.

b, and b, are constants controlling the exponential decay
of resistance and impedance with increasing clamping force.

Using the above model parameters, the specific effective
thickness (d) of the plant leaf can be calculated as follows:

U%k,
2

d= &)

U is the applied test voltage (1.5 V, as mentioned), and
k, is the constant associated with the capacitance force
relationship.
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According to the method proposed by Duan et al. (2022),
the cell metabolic energy based on Z (AG,) and R (AGg) of
plant leaves was calculated:

Ink; —In
1 Y1 %

AGR =
bl

d Q)

Ink, — Iny, y

d )

Here, ky, y;, by and k,, y,, b, are constants obtained from
fitting experimental data to exponential models (Egs. 3 and
4). The term d (specific effective thickness) accounts for leaf
structural properties (Eq. 5).

The cell metabolic energy (AGg) was defined as the
average between the cell metabolic energies based on the Z
(AG,) and R (AGy) of plant leaves.

AGg = (AG, + AGy) /2 ®)

2.2 Statistical analysis

Data are presented as the mean + standard error from five
independent replicates. The data presented above were ana-
lyzed using one-way analysis of variance (ANOVA), fol-
lowed by Duncan post hoc testing at a significance level of
P<0.05.

3 Results

3.1 Organic acid distribution in root tissues of two
maize varieties under HCO:s™ treatment

Malic acid (MA) is the most significant organic acid exuded
by the roots of Jingke 968 and Tiannuo 182. In the roots
of Jingke 968, the oxalic acid (OA) exudation was notably
higher under 5 mM HCOj;™ treatment compared to the con-
trol. Conversely, the exudation of citric acid (CA), MA and
succinic acid (SA) was significantly lower under 5 mM and
10 mM HCOj;™ treatments than the control. For Tiannuo 182,
the exudation of CA, MA and SA was notably higher under
10 mM HCOj;™ treatment compared to the control. Com-
pared to Jingke 968, Tiannuo 182 exhibited significantly
higher levels of CA, MA, and SA under both 5 mM and
10 mM HCOj;™ treatments (Fig. 1).
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Fig. 1 The content of organic acids in Jingke 968 and Tiannuo 182 under different treatments. Note: OA, CA, MA and SA denote oxalic acid,
citric acid, malic acid and succinic acid, respectively; According to one-way ANOVA, mean + standard error marked with the same letter indi-

cates no significant difference at the 0.05 level, the same as below

3.2 Distribution characteristics of total silica,
phytoliths and phytolith-occluded carbon in two
maize varieties under HCO;™ treatments

The total silica and phytolith contents in Jingke 968
were significantly lower than the control under 5 mM
and 10 mM HCO;™ treatments. The PhytOC was consid-
erably higher than the control under 5 mM and 10 mM
HCO;™ treatments. In Tiannuo 182, the phytoliths and

phytolith-occluded carbon contents were significantly
higher than those of the control under 5 mM HCO;™ treat-
ment. The phytolith-occluded carbon content in Tiannuo
182 was significantly higher than that in Jingke 968 under
5 mM HCO;™ treatment (Fig. 2).
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Fig. 3 Plant height increment of Jingke 968 and Tiannuo 182 under
different treatments

3.3 Effect of HCO;™ treatments on plant height
increments of the two maize varieties

As the HCO;™ concentration increased, the plant height
increment of Jingke 968 was significantly lower than the
control. In contrast, the plant height increment of Tiannuo
182 was considerably higher than the control. Under 5 mM
and 10 mM HCO,;™ treatments, the plant height increment
of Tiannuo 182 was significantly higher than that of Jingke
968 (Fig. 3).

3.4 Effect of HCO;™ treatments on the photosynthetic
parameters of the two maize varieties

Under treatment with 10 mM HCO;™, the Py and gs val-
ues of Jingke 968 were significantly lower than those of the
control. However, no significant difference was observed
between the 5 mM HCO;™ treatment and the control. For
Tiannuo 182, the Py value did not significantly differ from
the control under 5 mM and 10 mM treatments. However,
the gs value exhibited a significant reduction under 10 mM
HCO;™ treatment compared to the control. The WUE; value
was significantly higher under the 10 mM HCO;™ therapy
than in the control (Fig. 4).

3.5 Effect of HCO;™ treatments on AGy of the two
maize varieties

The AGg of Jingke 968 was significantly higher under the
10 mM HCO;™ treatment than in the control. In contrast, for
Tiannuo 182, the AGy was significantly lower under both
5 mM and 10 mM HCOj;™ treatments compared to the con-
trol. Furthermore, the AGy of Tiannuo 182 was significantly
higher than that of Jingke 968 under the control and 5 mM
HCOj;™ treatments (Table 1).
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Fig. 4 Net photosynthetic rate (Py, pmol-m~2s~!) A, stomatal conductance (gs, mmol-m~2-s~!) B and instantaneous water use efficiency
(WUEi, pmol-mmol™") C of Jingke 968 and Tiannuo 182 under different treatments

Table 1 AGg of Jingke 968

i e Parameters Plant species HCO;™ concentrations (mM)
and Tiannuo 182 under different
treatments 0 5 10
AGy Jingke 968 1196.57 +112.699¢ 799.12+189.141¢ 2299.29 +25.854°

Tiannuo 182

8299.79 +575.206* 7086.77 +342.319° 1553.78 +31.519¢

Representations with the same letter following the mean + standard error in the same indicator data do not

differ significantly at the 0.05 level
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4 Discussion

4.1 Influence of root exudation of organic acids
on maize’s adaptability to bicarbonates

Bicarbonate is a product of the weathering of carbonate rocks
through karst dissolution processes. Previous research has
primarily focused on the adverse effects of HCO;™ on plant
growth and metabolism, such as inhibiting photosynthesis,
reducing the activity of key enzymes in carbon and nitrogen
metabolism and disrupting ionic balance, while little atten-
tion has been paid to its positive effects (Bie et al. 2004;
Kolla et al. 2007; Burbulis et al. 2017; Poschenrieder et al.
2018). However, existing research indicates that HCO;™ not
only provides plants with a short-term carbon source and
water source under drought and other stress conditions but
also regulates the activity of key enzymes in carbon and
nitrogen metabolism. Additionally, HCO;™ enhances plants’
stress resistance and survival potential by affecting glucose
metabolism dismutation and altering the distribution of gly-
colysis and the pentose phosphate pathway (Yao and Wu
2021; Xia and Wu 2022).

Bicarbonate can induce a massive exudation of organic
acids from plant roots, an adaptive response to environmen-
tal changes (Alhendawi et al. 1997). Plant organic acids are
mainly produced during glycolysis and the tricarboxylic acid
(TCA) cycle. These organic acids primarily originate from
carbon fixed during photosynthesis and, in turn, affect the
plant’s photosynthesis and other physiological processes
(Adeleke et al. 2017).

In this study, the effects of two maize varieties on the
organic acids exuded by the root system under bicarbonate
stimulation differed. The main type of organic acids exuded
by the root systems of the two maize varieties was malic
acid (MA). Bicarbonate significantly reduced the exudation
of MA by Jingke 968, while the exudation of MA by Tian-
nuo 182 increased with increased bicarbonate concentra-
tion. Tiannuo 182 roots exude organic acids such as MA
and CA. These organic acids can, on the one hand, reduce
the soil pH by reacting with bicarbonates, alleviating the
high-pH stress caused by excessive bicarbonates (Augag-
neur et al. 2007; Sagerwanshi et al. 2021), and, on the other
hand, regulate the ion balance in response to alkaline stress
(Li et al. 2022). Moreover, they can chelate with metal ions,
increasing the availability of essential nutrients for plants.
This process promotes plant growth and improves its adapt-
ability to bicarbonate-rich environments (Nian et al. 2002).

4.2 Negative impact of bicarbonates on coupling
of metabolic energy, organic acid exudation
and silicon uptake in Jingke 968

In this study, we observed that both photosynthesis (growth)
and silicon (phytolith) content in Jingke 968 decline with
increasing bicarbonate concentration, suggesting that, over-
all, bicarbonates exert a negative effect on Jingke 968 despite
any counterbalancing impacts of positive and negative
actions. Under bicarbonate stress, Jingke 968 demonstrated
reduced photosynthesis and exhibited heightened sensitivity
to high bicarbonate concentrations. It maintains a relatively
high WUE;, by decreasing stomatal conductance (gs), thus
preventing bicarbonate absorption at high concentrations
(D’Agostini et al. 2023; Li et al. 2023). Concurrently, the
reduction in photosynthesis also results in fewer photosyn-
thetic products being allocated towards resistance against
bicarbonate and the creation of phytoliths (Rajendiran et al.
2012).

Despite Jingke 968 exhibiting higher photosynthesis rates
than Tiannuo 182, its metabolic energy is notably low. This
suggests that Jingke 968 allocates a considerable portion
of its photosynthetic energy to mitigate the adverse effects
of bicarbonates, leaving less energy available for growth
and silicon uptake. Furthermore, bicarbonates significantly
diminish the exudation of primary organic acids (MA, CA,
SA) by Jingke 968’s root system, thereby reducing the
absorption and accumulation of silicon and, consequently,
lowering the silicon content. In summary, Jingke 968 show-
cases the detrimental effects of bicarbonates on the interplay
among photosynthesis, metabolic energy, organic acid exu-
dation and silicon uptake, as depicted in Fig. SA.

4.3 Positive impact of bicarbonates on coupling
of metabolic energy, organic acid exudation
and silicon uptake in Tiannuo 182

In this study, the metabolic energy of Tiannuo 182 under
5 mM bicarbonate treatment exhibited only a slight decrease
compared to the control. This suggests that it allocates less
metabolic energy to counteract the adverse effects of bicar-
bonate and instead channels a significant amount of energy
towards growth and silicon absorption, thereby maximizing
the positive impact of bicarbonate. The carbon sequestra-
tion capacity and adaptability to bicarbonate environments
are dictated by the plant’s net photosynthetic rate and meta-
bolic energy as well as the distribution of these energies
across growth, resistance to bicarbonate stress, exudation
of organic acids and other metabolic processes (including
silicon uptake) (Chen et al. 2022; Duan et al. 2022). Conse-
quently, it is suggested that a 5 mM HCO;™ environment is
the most adaptable, effectively enhancing both the growth
and carbon sequestration of Tiannuo 182.
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Conversely, when treated with 10 mM bicarbonate, the
metabolic energy of Tiannuo 182 decreases significantly,
yet photosynthesis remains unchanged. Concurrently, the
organic acids exuded by the root system, primarily malic
acid (MA) and citric acid (CA), increase substantially. This
could be attributed to bicarbonate’s promotion of organic
acid exudation, which, on the one hand, lowers soil pH,
thereby mitigating the adverse effects of excessive bicar-
bonate on photosynthesis and growth. On the other hand, it
counteracts bicarbonates’ negative impact on reducing plant
roots’ silicon uptake.

Despite variations in bicarbonate concentration, photo-
synthesis and the content of silicon (phytoliths) in Tiannuo
182 remain constant. In contrast, high concentrations of
bicarbonate promote plant growth. However, as bicarbo-
nate concentration increases, there is a rise in the exudation
of primary organic acids [malic acid (MA) and citric acid
(CA); by Tiannuo 182’s roots, accompanied by a reduction
in metabolic energy. This indicates that bicarbonate has a
beneficial effect on Tiannuo 182, offsetting negative impacts.
The exudation of organic acids is contingent upon the con-
sumption of metabolic energy. In summary, Tiannuo 182
showcases the positive effects of bicarbonates on the inter-
play among photosynthesis, metabolic energy, organic acid
exudation and silicon uptake, as depicted in Fig. 5B.

@ Springer

5 Conclusion

Selecting the appropriate maize variety for karst regions
with complex bicarbonate environments is essential. In such
environments, Jingke 968 and Tiannuo 182 exhibit contrast-
ing responses to bicarbonate stress. Under bicarbonate stress,
Jingke 968 experiences inhibited photosynthesis and slowed
growth. The variety allocates more energy to stress resist-
ance, decreasing silicon absorption and utilization. Conse-
quently, organic carbon storage in phytoliths is reduced. In
contrast, Tiannuo 182 adapts better to a 5 mM bicarbonate
environment. It allocates more energy to growth and silicon
absorption, increasing organic carbon storage in phytoliths.
Additionally, Tiannuo 182 exudes more organic acids in
response to high bicarbonate levels, enhancing its ability to
adapt to high bicarbonate stress. This increases the carbon
sequestration capacity of plants in such environments. In
comparison, Jingke 968 demonstrates the detrimental effects
of bicarbonates on photosynthesis, metabolic energy, organic
acid exudation and silicon uptake. Tiannuo 182, however,
shows positive effects, highlighting its suitability for karst
regions with complex bicarbonate environments.
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