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ARTICLE INFO ABSTRACT
Keywords: Rising atmospheric CO levels drive greenhouse effects, elevating temperatures, and diminishing
Alfalfa growth water accessibility in semi-arid regions, affecting agriculture. Alfalfa contributes to climate
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change mitigation by sequestering carbon, enhancing soil fertility and carbon storage, reducing
synthetic nitrogen fertilizer use, preventing soil erosion, supplying high-quality livestock feed,
and serving as a bioenergy source. This research examined the effects of elevated CO; levels in
climate change scenarios (600, 800, and 1000 ppm, with control at 400 ppm) on two alfalfa
varieties, Medicago sativa cv. Nimet and Bilensoy-80. The experiments were conducted in
specialized Climate Change Simulation Greenhouses, allowing control of CO,, water, and tem-
perature variables. Results revealed a positive relationship between higher CO, concentrations
and increased photosynthesis (P < 0.001), promoting the plant growth leaf area (P < 0.001),
yields and both leaf (P < 0.05) and stem dry biomass (P < 0.001). At 1000 ppm COs, a saturation
point was reached, halting further photosynthesis. This down-regulation was linked to decreased
intercellular CO3 levels, which expedited chlorophyll and breakdown and potentially induced leaf
senescence. High CO; levels led to greater biomass, as anticipated. However, total protein levels,
a forage quality indicator, initially decreased with high CO2 concentrations (up to 1000 ppm) due
to an inverse relationship with shoot yield. Surprisingly, the 1000 ppm CO2 concentration miti-
gated this protein reduction in both alfalfa varieties.

1. Introduction

Climate is one of the most crucial aspects of agricultural output [1-3]. Climate patterns are altering as a consequence of a rise in
greenhouse gas levels in the atmosphere [4,5]. The amount of CO; has steadily been increasing with a huge acceleration, especially in
the past 100 years [6,7]. Global warming occurs because of the rising levels of CO in the atmosphere, which traps heat and causes a
rise in global temperature day by day [8]. Global warming alters the earth’s climatic conditions, and the quantity of CO; in the at-
mosphere can influence agricultural productivity [9-11]. Due to changes in CO4 levels, agricultural productivity was impacted in some
locations [12], especially in the Mediterranean climatic zone [13-15] and continental climatic zones [16,17]. On the other hand, high
CO-, concentrations have a significant effect on both growth and response their harsh environments [18], which that is required to
address research directions that focus on enhancing overall productivity via new technological advances in artificial intelligence [19].

Alfalfa, known for its resilience and versatility [20,21], plays a significant role in mitigating the effects of climate change for several

E-mail address: tkizildeniz@ohu.edu.tr.

https://doi.org/10.1016/j.heliyon.2024.e28975

Received 17 November 2023; Received in revised form 28 February 2024; Accepted 27 March 2024

Available online 5 April 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:tkizildeniz@ohu.edu.tr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28975
https://doi.org/10.1016/j.heliyon.2024.e28975
https://doi.org/10.1016/j.heliyon.2024.e28975
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Kizildeniz Heliyon 10 (2024) e28975

reasons [22]. It is a perennial legume crop that has the ability to sequester CO5 [23] from the atmosphere through photosynthesis. It
captures and stores carbon in its roots and soil helping to offset carbon emissions and reduce overall atmospheric CO; levels [24].
Thanks to its deep roots that enhance soil structure and organic matter content, which improves soil fertility [25] and allows for greater
carbon storage in the soil, contributing to carbon sequestration and aiding in climate change mitigation [26,27]. It is also a commonly
cultivated nutritious crop for livestock [28] that has a symbiotic relationship with nitrogen-fixing bacteria in its root nodules [29,30]
to transform atmospheric nitrogen into a form that can be used by plants. This mitigates the demand for nitrogen-based synthetic
fertilizers, which require an extensive amount of energy to make and contribute to greenhouse gas emissions, and is able to be utilized
by other crops in a specific rotation.

By promoting the growth of alfalfa and incorporating it into livestock diets, it will allow us to improve both livestock productivity
[31,32] and sustainable agriculture that reduces the environmental footprint of livestock farming, which is a significant source of
greenhouse gas emissions [33]. By reducing reliance on carbon-emitting energy sources and contributing to a more sustainable energy
mix, alfalfa can also be utilized as a source of bioenergy or biomass [34,35], providing an alternative to fossil fuels.

In C3 plants, a rise in short-term photosynthetic rate [36] and a recent enhancement in plant production seem to be the major
consequences of escalating CO; levels in the atmosphere [37]. In fact, plants exhibit significant variability in their reaction to
photosynthetic acclimation, which is influenced by their native ecological habitat distribution [38]. However, this reaction of plants to
the increment in atmospheric COy does not persist over time, and photosynthesis gradually falls [39,40,41], and this is called
“photosynthesis acclimation” or “photosynthetic down-regulation”. Studies with alfalfa have shown that down regulation of this photo-
synthesis is associated with reduced photosynthetic rate [42,43]. The ability of balancing carbon (C) fixation with the plant’s carbon
requirement has been described as an important process that conditions photosynthetic performance under high atmospheric CO,
conditions [44-46]. These results suggest that plants reduce their photosynthesis process to equalize C source engagement and pre-
cipitation capability when growth occurs under high CO, circumstances that cause an asymmetry between C fixation and C needs [47].
Nevertheless, the ability of CO; to increment growth in the atmosphere is contingent upon the lack of productivity constraints due to
factors commonly present in natural surroundings, like nutrient insufficiency, low temperatures, or water scarcity. In accordance with
this, Aranjuelo et al. [40] observed that the simulative effect of CO5 on alfalfa growth was only evident in well-watered plants, with no
COq-induced enhancement in biomass production observed under suboptimal water conditions. It is well-known that high CO5 con-
centrations have the potential to mitigate the effects of drought stress, thereby aiding in the enhancement of crop productivity [48].
Nitrogen fixation, on the other hand, may become drought tolerant when CO; concentrations rise. Assessing the growth responses of
these alfalfa cultivars to various CO levels is critical in the context of today’s agricultural challenges. The previous studies were
examined from 350 ppm up to varying from 550 ppm [49] to 700 ppm atmospheric CO2 concentration effects [47,50-52] in green-
house experiments and simulated in the models reached a maximum CO; level of 650 ppm [53]. To the best of our knowledge, no
research has been done to determine the different high levels of atmospheric CO; starting from 400 ppm up to 1000 ppm on the growth
and biomass partitioning of alfalfa plants. The knowledge gained from the experiment matters not just for optimizing alfalfa growing
practices, but also for guiding broader agricultural plans to ensure food security in the face of changing environmental challenges.
Ultimately, this study adds to our joint efforts to prevent the adverse consequences of climate change on agriculture and ensure
sustainable food production for future generations. Therefore, the aim of this experiment is to evaluate the growth dynamics of two
unique alfalfa types, Bilensoy 80 and Nimet, when exposed to more extreme and varying amounts of CO, concentration in their
surrounding environment. Thus the idea of this research is to shed light on the vital subject of how these alfalfa cultivars’ growth
dynamics respond to changes in atmospheric CO; levels, with an emphasis on comprehending the consequences of climate change on
the agricultural sector.

2. Materials and methods
2.1. Plant materials

The dormancy value is vital for plant adaptability and survival throughout the winter [54]. To assess the appropriateness of the
varieties for the region, the dormancy rate should be known. In alfalfa, dormancy is defined as a slowing growth period during autumn
with decreasing temperature and day length [55]. The Bilensoy-80 alfalfa variety (Medicago sativa L. cv Bilensoy-80) is a dormant
(dormancy degree, FD: 4) and has a high degree of winter resistance as it grows slowly with stem elongation after cutting in autumn
[56] and is a productive local alfalfa variety grown in the Central Anatolia region, registered by the Field Crop Central Research
Institute in 1984 [57]. It is particularly well-adapted to the climatic conditions of Central Anatolia and the transition regions.
Depending on the ecological conditions, it takes 4-6 harvests in a vegetation period, and the plant height varies between 70 and 80 cm.
When grown in these regions, it has an average yield of 1 ton, and 1.5 tons of hay when grown in the hot coastal belt. When it is
harvested during the flowering period, the dry grass contains 16-18% total protein, 1-1.5% crude oil, 9-11% solid mineral content
remaining, 25-30% crude fiber, 34-36% core materials without nitrogen, and 5-6% water. It is also a very disease-resistant variety.
Between 25 and 30 kg of seeds are planted per hectare [57]. Medicago sativa cv. Bilensoy-80 exceptionally excels at the
above-mentioned topics, it is a disease, drought, and cold-resistant plant, and surprisingly, it has satisfactory properties [57]. Thus, it
can be concluded that the Bilensoy-80 variety is well adapted to continental climate conditions. Although the current conditions for
alfalfa are satisfactory, there is still room for improvement to fully optimize its potential.

On the other hand, another variety of Medicago sativa L. is the Nimet variety, and is also used as forage. The Nimet variety is needed
in coastal regions to adapt to the hot temperature and can be used for grass production in the field of agriculture. The Nimet alfalfa
variety is highly productive, and non-dormant (degree of dormancy, FD: 8). It grows vigorously in fall, forming long rigid shoots, and
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continues rapid shoot lengthening after fall harvest [56]. It is a coastal type that is suitable for coastal areas and can be used for grass
production in field agriculture. This variety was developed by the Eastern Mediterranean Agricultural Research Institute [58] and was
registered in 2011. It has taken its place in the national varieties list, with a plant height varying between 90 and 100 cm. There is a
yield of 8-10 tons da! of fresh grass and 2 tons da~!of dry grass, for a total of 7 forms per year. In sowing, 20 kg of seeds and 250 kg of
DAP fertilizer are implemented per hectare. The total protein rate in dry grass is 18-20%, ADF rate is 32-36%, and the NDF rate is
40-44% [58]. In Mediterranean climate conditions, the Nimet variety has the highest dry matter yield and total protein yield when
compared with different varieties [59]. When the Nimet and Bilensoy-80 varieties are compared according to their germination, root
length, and vigor index, they have close results compared to the other varieties of alfalfa under the same circumstances of stress [60].

2.2. Experimental design

In order to simulate climate change scenarios for two different varieties of Medicago sativa (L.) cv. Nimet and Bilensoy-80, this
research was conducted in the Climate Change Simulation Greenhouses (CCSGs), installed at Malatya Turgut Ozal University Faculty
of Agriculture (38.27°N, 38.21°E) in Malatya, Tiirkiye. The experiment was set up with a completely randomized plot design with five
replications. Under the CCSGs conditions, the research was conducted in four separate automated greenhouses, each with a 25 m? area.
Each of the greenhouses was pumped with approximately ca. 400 as control, ca. 600, ca. 800 and ca. 1000 ppm carbon dioxide. The
CCSGs were set at 26/15 °C air temperature (day/night), 60/80% relative humidity (RH), the light intensity in the greenhouses
ranging from 3000 to 5000 lux (56-93 (pmol m~2 s~1) Photosynthetic Photon Flux Density) without providing additional light source,
and 14 h of daytime photoperiod, with other climatic conditions being the same in all the CCSGs [61,62].

The alfalfa seeds were planted directly into 9 L pots containing a mixture of peat and mixture (v/v, 3:1). Since peat is considered an
organic nutritional source, no additional nutrient solution was provided. According to T.C. Tarim ve Orman Bakanlig: [57], the seed
intensity for both varieties varied between 20 and 30 kg of seeds per hectare. This was done to simulate the real-time planting method,
where seeds were equally planted on the top of 9 L pots. Plants received irrigation straight away as required (approximate two times
per week). The experiments lasted approximately 3 months until the first alfalfa flowers appeared.

When the photosynthetic acclimation phenomenon occurs with the impacts of climate change, it is expected that plants exposed to
high CO; conditions will show differences in their biomass as a result of changes in their photosynthetic activities in the short and long
term. Considering the physiological stages of the alfalfa plant, it is generally expected to increase its photosynthetic activities
depending on the variety with their genetic heritage, in the short period after exposure to high COs.

After this short-term increase in photosynthetic activities, plants are expected to begin to acclimatize, and a decrease in these
photosynthetic values is expected. Thus, the sampling was conducted in 3 stages: (i) 1*' stage (Pre-acclimation phase), ond stage (initial
acclimatization phase); and 3" stage (final acclimatization phase) these are monitored based on the various physiological stages of
alfalfa crops, specifically in the context of climate change conditions.

2.3. Plant growth parameters

With the goal of evaluating biomass partitioning, vegetative growth was measured as leaves, stems and roots. Plant materials from
each sample were separated into leaves, stems, and roots with the goal of determining biomass allocation. The plant was weighed to
assess the fresh weight. To determine the dry weight of these plant organs, oven-dried plant matter at 80 °C for 48 h was measured.

Leaf area (LA) was measured via the automatic portable leaf surface area meter (LAI-2200, Plant Canopy Analyzer, LICOR®, NE, U.
S.A). Specific Leaf Area (SLA) was counted up according to bisecting the LA by Leaf DW. The stem to leaf ratio (stem/leaf ratio DW) was
calculated dividing the DW of the stem by leaf DW as an alfalfa forage quality parameter. The root to vegetative ratio was calculated by
dividing the dry weight of the root by the sum of the total dry weight of the vegetative above-ground organs (the total dry weight of the
stems and leaves combined).

2.4. Gas exchange parameters and chlorophyll content index

During the greenhouse testing, gas exchange parameters were evaluated on four youth totally evolved leaves from each treatment
utilizing a portable photosynthesis meter (LI-6400XT System, LICOR®, NE, U.S.A). This was done on three sampling dates on a sunny
day during 3 h of morning starting from 9.00 a.m. to until 12.00 p.m. at local time.

To determine stomatal closure phenomena, the intercellular CO5 concentration was measured as an indicator of stomatal limitation
[42,63]. Net photosynthesis and intercellular CO, concentration were assessed under atmospheric CO, conditions (approximately 400
ppm) and high CO3 concentrations (600 ppm, 800 ppm and 1000 ppm) applied in each greenhouse, with a white LED light intensity of
1400 mol m? s™%, and air cuvette temperatures ranging from 25 to 30 °C for both plants grown at ambient and enhanced CO,. Since
stomatal conductance is utilized as a stress-related to water indicator [64,65], and it was not included as a treatment in this study, this
parameter was not measured. Examinations of plants cultivated at current and increased CO5 and assessed at the same CO, amount,
either ambient or high, show photosynthetic acclimatization.

The chlorophyll content (Chl) was estimated using the SPAD-502 Plus Chl meter (Konica Minolta Optics, Japan) which measures
the relative leaf Chl concentration in an easy-to-use, rapid, and nondestructive method. The meter is firmly attached to a leaf, and the
light absorbance throughthe leaf at 650 and 940 nm is measured. The 650 nm wavelength corresponds to the spectroscopic area
corresponding to the highest Chl activity, but the 940 nm absorbance is utilized as a standard to account for characteristics such as leaf
water content and thicknesses. The device produces three-digit SPAD readings, which are assumed to be proportional to the leaf’s
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chlorophyll concentration [66]. The sensor analyzes the ratio of two wavelengths to determine chlorophyll content index, not the
actual value of chlorophyll a, b or a+b [67].

2.5. Biochemical analyses

The total protein and solid mineral content remaining (SMCR) of Nimet and Bilensoy 80 alfalfa varieties were determined using
oven-dried samples in the Malatya University lab. The samples were pounded to pass through a 1 mm sieve for biochemical analysis.
The SMCR was assessed by oven-dried samples at 105 °C overnight and usinga muffled furnace to burn the samples for 6-h at 550 °C for
[68]. The total protein content of the feds was assessed by multiplying the resulting nitrogen value [69] by a factor of 6.25.

2.6. Data analysis

The data was assessed using a two-way ANOVA (with two factors: (i) CO, concentration and (ii) variety) and four levels to assess
the impacts and possible interactions of applications, under CO, conditions: ca. 400 ppm, 600 ppm, 800 ppm, and 1000 ppm. Bilensoy-
80 and Nimet varieties were tested. Differences between groups will be examined first with Fisher’s Least Significant Differences (LSD)
post-hoc test. This analysis is beneficial when main impacts or interactions are important. Results are paid attention to statistically
significant at p < 0.05. Data was showed as mean + standard error (SE). Both absolute values and values relative to control (Bilensoy-
80, grows at 400 ppm COg; set to 1) are used. All these statistical analyze was run with SPSS® v. 15.0 statistical software.
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Fig. 1. Photosynthesis at three sampling physiological stages (I, pre-acclimation, A; II, initial acclimation, B; III, final acclimation, C; see Fig. S7) in
Bilensoy 80 and Nimet varieties (Medicago sativa L.) plants cultivated under varied CO, levels (ambient (400 ppm), or high (600 ppm, 800 ppm or
1000 ppm). The various letters represent substantial variations in treatment (P < 0.05) as per the LSD test (n = 4).
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3. Results
3.1. Different high CO> levels influence on gas exchange parameters and chlorophyll content index of alfalfa

The photosynthetic rate was measured in alfalfa crops grown under different CO5 concentrations (Fig. 1). In the first sampling, it
was observed that the maximum photosynthesis rate occurred in the treatment with 1000 ppm CO3 in Bilensoy 80. Both 1000 ppm and
800 ppm CO; levels resulted in a statistically significant increase in photosynthesis for Bilensoy 80 and Nimet varieties (Fig. 1A).
Nonetheless, there was no statistically significant change observed between the 800 ppm and 1000 ppm CO, treatments for the Nimet
variety (Fig. 1A). Moving on to the second sampling, it was found that the maximum photosynthesis rate was observed in both
treatments. There was a tendency towards increased net photosynthesis with the 600 ppm and 800 ppm COs treatments; however, this
increase was not statistically significant for both Bilensoy 80 and Nimet varieties (Fig. 1B). In the third sampling, it was observed that
the maximum photosynthesis rate occurred at all CO5 levels for both Bilensoy 80 and Nimet varieties (Fig. 1C). CO» as a factor had a
highly significant influence on the net photosynthesis rate in all stages of sampling (P(coz) < 0.0001) (Fig. 1A-C).

The intercellular CO, concentration otherwise known as sub-stomatal CO5 concentration (C;) was measured in alfalfa crops under
various CO3 concentrations as an indicator of stomatal limitation (Fig. 2). For Sampling I, which represents the first form of alfalfa in
Bilensoy-80, the highest C; efficiency parameter was observed at 1000 ppm COs, level, while the lowest value was recorded at 400 ppm
CO4, level. This indicates that the Bilensoy-80 varieties exhibit a higher C; at higher CO5 levels, specifically at 1000 ppm. While the
Nimet variety has the lowest C; value at the 600 ppm CO4, level, there was not significant difference among other CO; levels. Lastly, for
Sampling III, which represents the third form of alfalfa, there are no significant differences among treatments (Fig. 2C). Although COs,
Cultivar, and the interaction between CO; and cultivar were all considered significant factors at the beginning (Pcoz)< 0.0001,
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Fig. 2. Intercellular CO, concentration at three sampling physiological stages (I, pre-acclimation, A; II, initial acclimation, B; III, final acclimation,
C; see Fig. S7) in Bilensoy 80 and Nimet varieties (Medicago sativa L.) plants cultivated under varied CO, levels (ambient (400 ppm), or high (600
ppm, 800 ppm or 1000 ppm). The various letters represent substantial variations in treatment (P < 0.05) as per the LSD test (n = 4).
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P(cultivar) < 0.0001, P(cozxculiivar) < 0.0001), only CO2 (P(co2) = 0.014; Fig. 2A) remained a significant influence on intercellular CO5
concentration by the end of the growing stage (Fig. 2C).

Chlorophyll content index value is a measurement used to evaluate plant health and photosynthesis activity by measuring the
amount of chlorophyll in the leaves of plants. In Sampling I, the analysis of the chlorophyll content index parameters in the Bilensoy 80
and Nimet cultivars of alfalfa plants at different CO, levels. It showed no statistically noticeable variations compared to the samples
(Fig. 3A). The fact that the highest chlorophyll content index for both Bilensoy 80 and Nimet was at the 600 ppm CO3, level indicates
that photosynthesis activity is higher than other CO; levels (Fig. 3A). Comparing the two cultivars, it can be observed that the Bilensoy
80 cultivar generally exhibited lower chlorophyll content indexvalues compared to the Nimet cultivar at all CO5 levels (Fig. 3A).

In the case of Sampling II, the highest chlorophyll content indexparameter in Bilensoy 80 was obtained at 800 ppm, while the
lowest value was observed at 1000 ppm (Fig. 3B). As for Nimet, the lowest chlorophyll content index parameter was observed at 600
ppm, and the highest chlorophyll content indexparameter was observed at 400 ppm CO level (Fig. 3B). This difference between the
data implies that CO levels do not contribute significantly in both Bilensoy 80 and Nimet varieties on the chlorophyll content index
(Fig. 3B). Lastly, for Sampling III, the highest chlorophyll content indexparameter was found at 800 ppm CO,, whereas the lowest value
was recorded at 1000 ppm CO, (Fig. 3C). This significant variation between the two high CO, values suggests that an enhancement in
CO4, levels from 800 ppm to 1000 ppm negatively influences the chlorophyll content index parameter in the alfalfa plants in the
Bilensoy 80 variety (Fig. 3C). For the Nimet variety, the highest SPAD-502 chlorophyll index was observed at the 600 ppm CO level,
while the lowest was measured at 1000 ppm (Fig. 3C). CO5 has significant influence at all growing stages on the chlorophyll index
parameter (P(coz) = 0.022, Fig. 3A; P(coz) = 0.001, Fig. 3B; P(co2) = 0.001, Fig. 3C), while the cultivar had an impact at the beginning
of growing stages (P(cultivar) < 0.0001, Fig. 3A; Pcultivar) < 0.0001, Fig. 3B) it did not remain significant at the end (P(cuitivar) = 0.560,
Fig. 3C).
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Fig. 3. Chlorophyll content indexat three sampling physiological stages (I, pre-acclimation, A; II, initial acclimation, B; III, final acclimation, C; see
Fig. S7) in Bilensoy 80 and Nimet varieties (Medicago sativa L.) plants cultivated under varied CO levels (ambient (400 ppm), or high (600 ppm,
800 ppm or 1000 ppm). The various letters represent substantial variations in treatment (P < 0.05) as per the LSD test (n = 4).
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3.2. Different high CO_ levels influence on alfalfa growth

The root to vegetative biomass ratio of alfalfa crops was assessed (Fig. 4). The root-to-vegetative biomass ratio at the initial growing
stage was observed at both 400 and 800 ppm at Bilensoy 80 and at 400 ppm at Nimet variety (Fig. 4A), while the lowest data was
recorded at 600 ppm and 1000 ppm CO-, level at Bilensoy 80 and 600 ppm and 800 ppm COs level at Nimet variety (Fig. 4A). On the
contrary, as the COz level increases for the Nimet variety, the root-to-vegetative ratio decreases significantly (Pco2)< 0.0001; Fig. 4A)
and interactions between cultivar and CO has significant influence at the beginning of growing stage (P(co2xcultivar) = 0.009, Fig. 4A).
The highest data at second sampling was observed at 600 ppm CO> level in both varieties, while the other CO5 levels are demonstrating
the lowest root to vegetative ratio (Fig. 4B). At the final sampling stage, root to vegetative ratio was demonstrated the lowest value at
1000 ppm CO3 level on Bilensoy 80 variety, while the rest of the CO5 levels show an equally bigger value (Fig. 4C), indicating that the
highest CO; level provoked more vegetative part than root. On the other hand, Nimet variety’s root to vegetative ratio is decreased,
while CO, levels are increased (Fig. 4C), demonstrating that all high CO- levels provoked more vegetative parts than root. This also
indicates the influence of COq, cultivar and their interactions on root to vegetative ratio at harvesting stage (P(co2) = 0.004; Pcultivar) =
0.006; P(coz2xcultivar) = 0.030, Fig. 4C).

The stem to leaf ratio of alfalfa crops was measured (Fig. 5). For Sampling I, the highest stem to leaf ratio efficiency was observed at
400 ppm in Bilensoy 80 and the lowest data was obtained at 1000 ppm CO; concentration for Bilensoy 80 variety and 400 ppm CO3
concentration for Nimet variety (Fig. 5A). This indicates that increasing the CO5 concentration to 1000 ppm affects the stem to leaf
ratio efficiency positively for Bilensoy 80, while it negatively affects it for Nimet (Fig. 5A). Moving on to Sampling II, the highest
efficiency was observed at 1000 ppm CO; level in Bilensoy 80 and 800 ppm in Nimet variety (Fig. 5B). The minimum efficiency is 400
ppm for Bilensoy 80 (Fig. 5B). This implies that a higher CO, concentration of 1000 ppm has a positive effect on the stem to leaf ratio
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Fig. 4. Root to Vegetative Biomass Ratio at three sampling physiological stages (I, pre-acclimation, A; II, initial acclimation, B; III, final acclimation,
C; see Fig. S7) in Bilensoy 80 and Nimet varieties (Medicago sativa L.) plants cultivated under varied CO, concentrations (ambient (400 ppm), or high
(600 ppm, 800 ppm or 1000 ppm). The various letters represent substantial variations in treatment (P < 0.05) as per LSD test (n = 4).
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Fig. 5. Stem to Leaf Ratio at three sampling physiological stages (I, pre-acclimation, A; II, initial acclimation, B; III, final acclimation, C; see Fig. S7)
in Bilensoy 80 and Nimet varieties (Medicago sativa L.) plants cultivated under varied CO5 concentrations (ambient (400 ppm), or high (600 ppm,
800 ppm or 1000 ppm). The various letters represent substantial variations in treatment (P < 0.05) as per LSD test (n = 4).

efficiency in Bilensoy 80 and the least significant CO, concentration of 400 ppm has a negative effect (Fig. 5B). For the Nimet variety,
no significant increase or decrease on CO3 and stem leaf ratio efficiency was observed. Lastly, for Sampling III, the highest efficiency
was observed at 1000 ppm COs level in Bilensoy 80 variety and Nimet variety has the lowest value at 400 ppm (Fig. 5C). This sig-
nificant increase shows that there is a direct proportion between CO; and efficiency (Fig. 5C). Although the Nimet variety had the
highest yield at 800 ppm CO3 level and the lowest yield at 400 ppm CO;, level, no significant increase or decrease was detected between
CO3 and stem to leaf ratio efficiency (Fig. 5C).

Specific leaf area is reducing significantly with all high CO, exposures in Bilensoy 80, while no significant changes were observed
for the Nimet variety at the beginning of the growing stage. However, when cultivar and CO, factors have interactions, there was
significant influence on specific leaf area (P(co2xcultivar) < 0.01; Table 1). While leaf area at same growing stage had an impact for all
factors (P(co2) < 0.001, Pcuitivar) < 0.01, Pico2xcultivar) < 0.05; Table 1). At second harvest, the cultivar is not significant for leaf area,
meanwhile CO3 and its interaction with cultivar significantly impacts to leaf area (P(coz) < 0.001, P(co2xcultivar) < 0.05; Table 1), which
is clearly observed at 800 and 1000 ppm CO; influence resulting high leaf area as well as high specific leaf area on Bilensoy 80 variety
(P(cozxcultivar) < 0.01; Table 1). At the end of final harvest, COj still had an impact on leaf area (P(coz) < 0.001, Table 1).

On the other hand, while specific leaf area is impacted by CO2 and cultivar interaction at the beginning of the growing stages
(P(co2xcultivar) < 0.01 at 15tand 274 samplings), this influence did not remain at the final harvest. All high CO5 levels demonstrated high
leaf area in Bilensoy 80 variety, yet it was not very clear for Nimet. Comparing both varieties Bilensoy 80 shows somewhat more
specific leaf area (P(cuitivary < 0.05; Table 1).

3.3. Different high CO_ levels influence on alfalfa biochemical change

The protein content within the alfalfa plant constitutes a pivotal parameter in assessing plant quality (Fig. 6B). The results indicate



T. Kizildeniz Heliyon 10 (2024) e28975

Table 1

Effects of high CO, in different concentrations (400, 600, 800 and 1000 ppm) on Medicago sativa L. cv Nimet and Bilensoy 80 varieties leaf area and
specific leaf area. Data were plotted as mean =+ standard error (n = 4). The various letters represent substantial variations in treatment (P < 0.05) as
per LSD test (n = 4). ANOVA: n.s. not significant; *, ** and *** = significant at P < 0.05, P < 0.01 and P < 0.001, respectively.

Sampling # Cultivar CO:2 Level Leaf Area Specific Leaf Area
cm? cm? leaf area g~! leaf DW
I Nimet 400 49.26 + 3 cd 233.82 £+ 16 be
600 31.58 +3d 172.96 £ 11 ¢
800 106.67 £ 16 a 355.61 + 26 ab
1000 80.35+12b 315.12 £+ 27 be
Bilensoy 80 400 35.19 + 3 cd 633.67 £ 61 a
600 325+ 4d 319.73 £+ 22 be
800 60.51 + 2 be 196.96 + 12 be
1000 7482 +£11b 145.19 £ 12¢
Pcoz) * n.s.
Pcuttivar) n.s.
P(coz2 x cultivar) ® o
I Nimet 400 88.75 + 5 be 901.82 + 62 ¢
600 109.53 + 15 ab 2099.80 + 148 a
800 110.87 £ 12 ab 1207.17 £+ 80 bc
1000 120.2 + 17 ab 1326.00 + 63 bc
Bilensoy 80 400 546t 6¢ 825.38 + 51 ¢
600 499t 8¢ 926.25 + 63 ¢
800 107.5+ 10 a 1677.23 4+ 97 be
1000 136.4 + 20 a 1971.35 + 215 ab
Pco2) ikl n.s.
Pcultivar) n.s. n.s.
P(co2 x cultivar) * s
it Nimet 400 475.28 + 27 bed 826.48 + 95 ¢
600 443.35 + 55 cd 1304.08 + 193 bc
800 758.62 + 56 ab 976.41 + 46 be
1000 719.62 + 187 abc 1168.92 + 59 be
Bilensoy 80 400 290.75 +£19d 996.44 + 96 bc
600 602.52 + 55 be 2180.54 £ 164 a
800 751.52 + 56 ab 1076.83 + 78 be
1000 942.47 £ 192 a 1601.72 + 221 ab
Prcoz) o o
Pcultivar) n.s. *
P(coz x cultivar) ns. n.s.

that there is a significant interaction between the CO; levels and the cultivars in terms of protein content (P(cozxcultivar) = 0.003), and
individual factors are significant (P(co2) < 0.0001; P(cultivar) = 0.001). The highest protein efficiency was observed at 400 ppm, while
the lowest efficiency was recorded at 800 ppm (Fig. 6B). This significant finding suggests that an 800 ppm CO; concentration, which is
a high CO; level negatively, influences protein efficiency in both Bilensoy 80 and Nimet varieties (Fig. 6B). The protein level is
decreasing with increasing the atmospheric CO3 up to 800 ppm level. However, when the CO; level reached 1000 ppm, this effect
becomes reverse, and the protein content increases again (Fig. 6B).

As a solid mineral content remaining (SMCR) was measured (Fig. 6). Upon analyzing the data, it is evident that the CO, con-
centrations have a significant influence on the SMCR content parameters of both cultivars (Pco2)< 0.0001; Fig. 6A) and there is a
significant interaction between the CO; levels and the cultivars in terms of SMCR value (P(co2xcultivar) < 0.0001). For Bilensoy 80, the
highest SMCR content parameter was obtained at 800 and 1000 ppm, while the lowest was observed at 400 ppm (Fig. 6A). This
suggests that higher CO; levels positively influence the SMCR content of Bilensoy 80 cultivar in alfalfa plants (Fig. 6A). On the other
hand, for the Nimet cultivar, the highest SMCR content was observed at 400 ppm, whereas the lowest was recorded at 800 ppm
(Fig. 6A). This indicates that the optimum CO; level for maximizing SMCR content in Nimet cultivar is 400 ppm (Fig. 6A). These
significant findings suggest that higher CO5 levels (particularly 800 and 1000 ppm), for Bilensoy 80, and the lowest CO; level (400
ppm) for Nimet, can enhance the SMCR content in alfalfa plants (Fig. 6A).

3.4. Different high COg levels influence on alfalfa biomass

Alfalfa crop biomass related data were represented in Table 2. The highest leaf fresh (FW) weight of leaf at first sampling was
observed in both treatments of 800 ppm and 1000 ppm in both varieties (Table 2), whilst the lowest rate is obtained in the treatments
of 400 and 600 ppm in both varieties (Table 2). Therefore, CO5 has a relatively smaller influence at leaf FW at the first growing stage
(P(co2) < 0.05). In second sampling of leaf FW, the tendency that was observed in the previous sampling remains for Bilensoy 80
variety at 800 and 1000 ppm treatments as CO, factor demonstrates influence (Picoz) < 0.01) while all CO treatments did not make
significant changes on Nimet variety (Table 2). On the other hand, the influence of CO; factor is reduced (Pco2y < 0.05) in last
sampling of leaf FW and overall, there is not any significant change (Table 2). As observed on leaf FW, there is the tendency observed in
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Fig. 6. The solid mineral content remaining (SMCR) (A) and total protein (B) in vegetative areal parts at maturity (sampling III, see Fig. S7) in
Bilensoy 80 and Nimet varieties (Medicago sativa L.) plants cultivated under varied CO, concentrations (ambient (400 ppm), or high (600 ppm, 800
ppm or 1000 ppm). The various letters represent substantial variations in treatment (P < 0.05) as per LSD test (n = 4).

the first and second sampling for Bilensoy 80 variety at 800 and 1000 ppm effects are similar for stem FW as well (Table 2) as also
indicates the significant effects of CO, (P(co2) < 0.001). At the end of the final sampling, the control CO, treatment demonstrates the
lowest stem FW in both varieties while 1000 ppm CO, treatment shows clear influence on Bilensoy 80 (Table 2) as also observed CO;
(P(co2y < 0.001) and its interaction with cultivar (P(cozxcultivar) < 0.05).

At the beginning of sampling, the root FW does not demonstrate any significant change (P(co2) = n.s, P(cultivar) = .S, P(co2xcultivar)
= n.s.; Table 2). While the growing process continues at second sampling, the previously mentioned tendency of 800 and 1000 ppm
CO4 influence of leaf and stem FW in Bilensoy 80 was also observed on root FW as well, and this influence is similar for Nimet’s root FW
(Table 2). These clear effects also reflect CO2 (P(coz) < 0.001), cultivar (P(cultivary < 0.05), and their interaction (P(co2xcultivar) < 0.05;
Table 2). However, this tendency does not remain at the harvesting of Bilensoy 80 variety’s root FW, but Nimet’s root FW demonstrates
the highest value under the influence of 1000 ppm CO; concentration (Table 2). The highest dry weight (DW) of leaf at the beginning of
growing stage was observed at 1000 ppm of CO3 level in Bilensoy 80 variety, while Nimet’s DW is highest in both 800 and 1000 ppm
CO;, levels (Table 2), as CO, factor demonstrates significant influence on leaf DW (P(co2y < 0.001), as well as its interaction with
cultivar (P(cozxcultivar) < 0.01, Table 2).

As observed on the leaf and stem FW, the tendency also remains for Bilensoy 80’s DW of leaf and stem observed in the first and
second sampling (even more clearly) at 800 and 1000 ppm. Additionally this kind of tendency was observed for Nimet’s leaf and stem
DW, as seen in the root FW of Nimet where leaf and stem DW reduces at 600 ppm and then 1000 ppm of CO is recovering this
reduction (Table 2) which also indicates the significant effects of CO, in both leaf (P(co2) < 0.001) and stem DW (Pco2) < 0.001).
However, this clear tendency was not clearly observed on both varieties’ leaf DW at the last harvest for both varieties (P(co2y < 0.05),
while in stem DW of Bilensoy 80 continues to be influenced at 800 and 1000 ppm (P(co2) < 0.001; P(co2xcultivar) < 0.01, Table 2).

4. Discussion
4.1. Different high CO levels influence on gas exchange parameters and chlorophyll content index of alfalfa

In this study, atmospheric CO3 in four different concentrations as related to the main effect of climate change has been investigated.
The primary effects of escalating CO- levels in the atmosphere in C3 plants is an increase photosynthetic rate and plant production in
short-term [37]. Then, photosynthesis gradually declines in long term, which is called as the “photosynthesis acclimation” or “photo-
syntetic down-regulation” [39,40,43]. Studies with alfalfa have shown that downregulation of this photosynthesis is associated with
reduced photosynthetic rate [42,43]. In our study, comparing the three sampling stages, the photosynthetic rate is reduced (Fig. 1). All
high CO, treatments significantly increased photosynthesis in both Nimet and Bilensoy-80 varieties (Fig. 1) as indicated by Erice et al.
[51] and De Luis et al. [70]. These findings suggest that higher CO4 levels, particularly 800 ppm and 1000 ppm, have a positive impact
on photosynthesis efficiency in Bilensoy 80 and Nimet alfalfa varieties. However, the significance of this increase varied between the
two varieties, with Bilensoy 80 showing a more pronounced response. CO, as factor has significant influence during all growth stages
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Table 2

Effects of high CO, in different concentrations (400, 600, 800 and 1000 ppm) on Medicago sativa L. cv Nimet and Bilensoy 80 varieties fresh (FW) and
dry weight (DW) of leaf, stem, and root. Data were plotted as mean + standard error (n = 4). The various letters represent substantial variations in
treatment (P < 0.05) as per LSD test (n = 4). ANOVA: n.s. not significant; *, ** and *** = significant at P < 0.05, P < 0.01 and P < 0.001, respectively.

Sampling # Cultivar CO: Leaf FW Stem FW Root FW Leaf DW Stem DW Root DW
g FW plant™! g DW plant™?
I Nimet 400 0.58 + 0.1 ab 0.41+0.1b 0.4 +0.1 ab 0.22 + 0.02 cd 0.22 + 0.02 bed 0.46 + 0.04 ab
600 0.33+0.1b 0.26 + 0.1 b 0.28 + 0.1 ab 0.19 4+ 0.02 de 0.20 4+ 0.03 cd 0.23 + 0.04 cde
800 0.84 +0.3a 0.87 +0.3a 0.96 +0.2a 0.29 + 0.03 be 0.42 + 0.05 ab 0.36 + 0.07 be
1000 0.69 + 0.1 ab 0.69 + 0.1 ab 0.25 + 0.0 ab 0.32 £ 0.04b 0.58 +£0.18 a 0.52 + 0.04 ab
Bilensoy 80 400 0.38+0.1b 0.29+0.0b 0.174+0.0b 0.08 +0.01 f 0.13 +£0.02d 0.18 + 0.06 de
600 0.38+0.1b 03+0.1b 0.59 + 0.2 ab 0.11 + 0.02 ef 0.16 + 0.02 d 0.09 + 0.01 e
800 0.62 + 0.0 ab 0.62 + 0.0 ab 0.37 +£ 0.1 ab 0.27 + 0.02 bed 0.38 + 0.03 abc 0.56 + 0.05 a
1000 0.86 +0.2a 0.91+03a 0.33+0.1 ab 0,45 + 0.06 a 0.40 + 0.05 abc 0.25 + 0.06 cd
Pco * *k n.s. *kk Kk Kk
Pcultivar) n.s. n.s. n.s. n.s. n.s. n.s.
P(co2 x cultivar) n.s. n.s. n.s. * n.s. e
I Nimet 400 0.98 + 0.1 ab 0.88+0.0c 1.17+0.1a 0.10 £0.01 a 0.10 £ 0.02 a 0.11 4+ 0.01 be
600 1.06 + 0.2 ab 1.02 + 0.1 be 0.42+0.1b 0.05+0.01d 0.05 + 0.004 b 0.12 + 0.02 abc
800 1.39 £ 0.3 ab 1.68 + 0.2 ab 1.23+0.2a 0.10 £ 0.01 a 0.12 £ 0.02a 0.21 £ 0.07 a
1000 1.73+05a 1.84+0.4a 1.48+0.2a 0.10 £0.01a 0.11 £ 0.01 a 0.08 + 0.01 bc
Bilensoy 80 400 0.66 + 0.1 b 0.56 £0.1c 0.43+0.0b 0.07 4+ 0.01 bed 0.04 + 0.003 b 0.05+0.01c
600 0.68 +0.2b 0.77 £ 0.1 ¢ 0.25+0.0b 0.06 + 0.004 cd 0.05 + 0.01 b 0.16 + 0.04 ab
800 1.52+0.3a 1.91+04a 1.41+01a 0.09 + 0.01 ab 0.10 £ 0.01 a 0.10 + 0.02 bc
1000 1.68 £ 0.2a 1.28 + 0.3 a 0.08 + 0.01 abc 0.10 £0.01 a 0.10 £ 0.03 be
Picoz sk sk . ns.
Pcultivar) n.s. n.s. * n.s. * n.s.
P(co2 x Gultivar) n.s. n.s. * n.s. * n.s.
I Nimet 400 1.73+0.3b 1.78 £0.2d 3.19+03c¢ 0.66 + 0.12 abed 0.52 + 0.11 be 1.59 + 0.06 a
600 1.24+03a 1.05+0.2a 1.48 +0.2¢ 0.42 + 0.12 bed 0.34 + 0.06 cd 0.79 + 0.08 be
800 2.01 + 0.4 ab 2.20 £ 0.3 cd 224+03c 0.81 £0.12a 0.99 £ 0.08 a 1.58 £ 0.34a
1000 1.83+0.2a 1.60 + 0.3 be 3.45+0.8a 0.62 + 0.17 abed 0.61 + 0.10 b 0.95 + 0.26 abc
Bilensoy 80 400 1.38 + 0.2 ab 1.04 £ 0.2 cd 1.34+05¢ 0.33 +0.06 cd 0.26 + 0.06 d 0.44 + 0.06 ¢
600 098 +0.1a 070 £0.1b 1.16 + 0.1 ab 0.30 +£0.08d 0.22 £0.02d 0.50 + 0.05 ¢
800 1.81 £ 0.3 ab 1.91 £+ 0.3 be 2.80 + 0.3 ab 0.73 + 0.16 ab 0.88 + 0.07 a 1.43 £ 0.14 ab
1000 1.81 £0.3a 2.83 + 0.4 ab 1.19 + 0.1 be 0.69 + 0.19 abc 1.01 £0.12a 0.93 + 0.40 abc
Pcoa) * Sk o % - *
P(cultivar) n.s. n.s. n.s. n.s. n.s. *
P(co2 x cultivar) n.s. * ns. o ns.

on photosynthesis (Pco2)< 0.0001; Fig. 1A-C).

In order to determine stomatal closure phenomena, the intercellular CO, concentration was measured as an indicator of stomatal
limitation [42,63]; [71]. Intercellular CO5 concentration or sub-stomatal CO5 concentration measurements (Fig. 2) showedthat ad-
justments in photosynthesis could not be explained by stomatal limitations [42] as an indicated by Ref. [63,71]. In this study,
intercellular CO5 concentrations were analyzed in alfalfa plants of Bilensoy 80 and Nimet varieties at various CO5 concentrations (400
ppm, 600 ppm, 800 ppm, 1000 ppm). In the present study, the observed down-regulation was as a consequence of decreased inter-
cellular CO3 concentration due to stomatal closure [42]; [45] because during all samplings, plants cultivated at high CO2 demonstrated
lower C; (Fig. 2) than those cultivated at current CO».

The chlorophyll concentration of the leaf is frequently used to forecast its physiological status as impacted by numerous natural and
man-made factors. It is a valuable indicator of plant stress and, therefore, the capacity for plant CO5 absorption and development. Final
sampling is also applied as yield, allowing us to compare with other studies. Therefore, for Sampling III, the highest chlorophyll
content index parameter was found at 800 ppm CO-, whereas the lowest value was recorded at 1000 ppm CO; (Fig. 3C), which is in line
with Erice et al.[52]. This significant variation between the two high CO; values suggests that an enhancement in CO3 level from 800
ppm to 1000 ppm negatively influences the chlorophyll content index parameter in the alfalfa plants in Bilensoy 80 alfalfa variety
(Fig. 3C). For the Nimet alfalfa variety, the highest chlorophyll content index was observed at 600 ppm CO3, level, while the lowest was
measured at 1000 ppm (Fig. 3C), which is also in line with Erice et al. [52]. CO as a factor has significant influence at all growing
stages on chlorophyll concentration (P(co2) = 0.022, Fig. 3A; P(coz) = 0.001, Fig. 3B; Pco2y = 0.001, Fig. 3C), while cultivar has impact
in the beginning of growing stages (P(cutivar) < 0.0001, Fig. 3A; Pcultivar) < 0.0001, Fig. 3B); however it does not remain at the end
(P(cultivar) = 0.560, Fig. 3C). Similar findings were reported by Munns [72] and Chen et al. [73], indicating that increased CO, levels
expedite chlorophyll breakdown and potentially promote leaf senescence [74].

4.2. Different high CO2 levels influence on alfalfa growth

In previous research [43,47,50-52] high CO3 levels enhanced drought resilience in alfalfa plants by augmenting the root to shoot
ratio. This augmentation facilitated better exploration of water and mineral resources in the soil, ultimately leading to improved water
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utilization efficiency. However, in our study the plants were not exposed to any stress factors such as drought as in the previous studies.
Therefore the root to vegetative biomass ratio was decreased, so that Bilensoy 80 alfalfa variety got the maximum benefit, producing
more leaf and stem at 1000 ppm CO; concentration while Nimet alfalfa variety maximized this benefit at all CO; levels at the end of
harvesting stage (Fig. 4C).

Our data demonstrated a decrease in the stem to leaf ratio under elevated CO, conditions, consistent with previous reports by [43,
75-781; [79]. The interaction between CO3 level and cultivar significantly influenced the stem to leaf ratio at first and second growing
stages (P(co2xcultivar) = 0.027 at both samplings; Fig. 5A and B). However, this impact was not observed at final harvesting stage
(Fig. 6C), while the impact of CO; initiated at second and last growing stages (Pco2) = 0.0001, Fig. 5B; P(coz) = 0.032, Fig. 5C).

Specific leaf area significantly decreased with all high CO, exposures in Bilensoy 80, while no significant changes were observed for
Nimet variety at the beginning of the growing stage. At the harvesting stage, CO, maintained its impact on leaf area (P(co2) < 0.001,
Table 1). Our results also confirm the previous studies, which have already reported that subjecting plants to extended CO, enrichment
generally results in an augmentation of plant biomass [43,52] (as shown in Table 2), total leaf area (Table 1), and changes in net rates
for photosynthesis (Fig. 1).

4.3. Different high CO levels influence on alfalfa biochemical change

The solid mineral content remaining is a substance of forage crop that remains after burning it [80]. It is a simple indicator of the
total mineral content of forage. Depending on the genetic variability, the solid mineral content remaining in alfalfa genotypes varied
between 10.3 and 11.5 with an average of 11.1 % DW [81]. The optimum COj, level for maximizing the SMCR in Nimet cultivar is 400
ppm (Fig. 6A). These significant findings suggest that higher CO5 levels (particularly 800 and 1000 ppm), for Bilensoy 80 variety, and
the lowest CO; level (400 ppm) for Nimet variety, can enhance the SMCR in alfalfa plants.

The protein content serves as an indicator of forage quality [79]. The protein content within the alfalfa plant constitutes a pivotal
parameter in assessing plant quality. The highest protein efficiency was observed at 400 ppm, while the lowest efficiency was recorded
at 800 ppm (Fig. 6B) as indicated by the fact that total protein was negatively related to shoot yield [79] (Table 2) This aligns with the
concept of the ‘dilution effect’. This effect has been widely discussed in plant nutrition and soil fertility studies, indicating that changes
in environmental conditions such as temperature, fertilizer application, or, in this case, CO5 concentration, can lead to decreases in the
concentration of certain elements in plant tissues [82,83]. In our study, significant increases in shoot yield were accompanied by
reductions in protein concentrations, reflecting the impact of elevated CO3 levels on protein efficiency.

This significant finding suggests that 800 ppm CO5 concentration, which is a high CO5 level negatively, influences protein effi-
ciency in both Bilensoy 80 and Nimet varieties (Fig. 6B). This is most probably due to the negative relationship between total proteins
and shoot yield as mentioned above [79]. The protein level is decreasing with increasing the atmospheric CO5 up to 800 ppm level.
However, when CO level reached 1000 ppm, this effect becomes reversed, and the protein content increases again (Fig. 6B), as
similarly observed for the SMCR of Nimet variety (Fig. 6A). This is due to high CO, reducing alfalfa forage quality through a reduction
in total protein (Fig. 6B) and an increase of fiber content [79]; Fig. 6A) up to 800 ppm atmospheric CO; concentration. Photosynthetic
acclimation of plants grown in high CO, was an outcome of reduced carboxylation effectiveness as a consequence of decreased protein
content [42]. However, 1000 ppm CO2 concentration recovers this reduction in protein content of both varieties (Fig. 6B). Up to now,
there has not been any study or report such a recovery process in protein levels with a 1000 ppm CO; concentration level.

4.4. Different high CO2 levels influence on alfalfa biomass

COg, restricts photosynthesis and production of biomass in C3 plants at current atmospheric levels, with the highest CO5 fixation
rate ranging from 700 to 1000 ppm CO» [84,85]. Several investigations have demonstrated that raising CO» content has a positive
impact on alfalfa growth [47] as in line with our study. Nonetheless, it is widely acknowledged that the high CO, impact is dependent
on CO; concentration as well, and the effects of different CO; levels during alfalfa growth have not been studied in and of themselves.
The immediate impact of high CO5 on growth, comparing 350-700 mmol mol ', is the augmentation of plant biomass [86], which can
clearly also be observed at the harvesting stage of sampling in both varieties FW and DW parameters (Table 1). In addition to that, the
storage behavior of the shoot under high CO, differs from that of the root during this timeframe [52]. The shoots exhibited charac-
teristics of a temporary photosynthetic store, unlike the roots which functioned as long-term storage organs [43].

5. Conclusions

Elevated CO- levels enhance photosynthesis in plants at the beginning of the growing stages due to the fact that CO5 is a key
reactant in the photosynthesis process. There was a positive relation between high CO, and photosynthesis resulting in increased plant
growth and yields. However, concentrations of 1000 ppm CO- cause a saturation point where further photosynthesis does not increase,
and there is clear photosynthetic acclimation in this study. It is possible to conclude that the observed down-regulation in photo-
synthesis resulted in decreased intercellular CO, concentration due to stomatal closure. Interestingly, an increase of 1000 ppm CO4
level expedites chlorophyll breakdown and potentially promotes leaf senescence. The Bilensoy 80 alfalfa variety demonstrates a
threshold at 1000 ppm CO; level to reduce the root to vegetative biomass ratio whereas the Nimet variety reduced the root to
vegetative biomass ratio once COs increases, starting from 600 ppm CO; level. In this study, extended CO, concentration generally
resulted in increased biomass as expected. On the other hand, the quality of alfalfa has vital importance for animal forage. The total
protein content serves as an indicator of forage quality. An 800 ppm CO, concentration, which is a high CO, level, negatively
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influences protein efficiency in both Bilensoy 80 and Nimet varieties due to a negative relationship between total proteins and shoot
yield. Photosynthetic acclimation of plants grown in high CO; is an outcome of reduced carboxylation effectiveness as a consequence
of decreased protein content. However, a 1000 ppm CO; concentration recovers this reduction in protein in both varieties. This in-

dicates another CO5, level threshold for protein content. So, it has been concluded that alfalfa, as a C3 crop, shows a positive response
under elevated CO, levels; however, there are thresholds.
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