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Abstract: Growing quality seedlings is a challenge for sustainable cacao production as the survival
rate of young seedlings is strongly influenced by environmental factors that affect the productivity
of cacao farmers. In this study, cacao (Theobroma cacao L.) seedlings were cultivated in a nursery,
and the effects of elevated CO2 concentrations (approximately 800 ppm) applied to cacao seedlings
during daytime (6:00–17:59) on the root growth, morphology, and leaf photosynthetic capacity were
examined. Treatment with elevated CO2 significantly improved root growth, dry matter weight,
and root/shoot ratio. Three-dimensional imaging of roots showed that lateral roots grew longer
horizontally, lateral roots and fine roots were distributed over a larger area, and root surface and
root volume increased significantly under elevated CO2 treatment. Accurate quantification of root
morphology using X-ray CT indicated that the treatment with elevated CO2 concentrations may
significantly affect root quality during the seedling stage by expanding the distribution range of
lateral and fine roots, which increases the ability of lateral roots to elongate and absorb water and
nutrients from the superficial layers. The photosynthetic characteristics of the aboveground leaves of
cacao seedlings exposed to elevated CO2 concentrations showed a tendency to adapt to elevated CO2

concentrations by increasing light-use efficiency and CO2-use efficiency. Therefore, the treatment of
cacao seedlings with elevated CO2 concentrations improved the growth quality of seedlings due to
the characteristics of the roots as large sinks.

Keywords: quality seedlings; nursery; root volume; root surface; 3D image

1. Introduction

Cacao (Theobroma cacao L.) is a tropical tree native to the upper reaches of the Amazon
River [1,2]. It is a perennial crop grown in the understory of rainforests in regions with an
annual precipitation of 1500–2000 mm [3]. Cacao cultivation is concentrated in West Africa,
Central and South America, and Southeast Asia, where it is an important commercial
crop. Cacao beans are the main ingredients of chocolate, and 5.24 million tons were
produced in 2020/2021, approximately 10% higher than the 4.74 million tons produced
in 2010/2011 [4,5]. However, the demand for cacao beans is expected to increase more
rapidly than the production rate. Sustainability is a key issue, and the productivity of
cacao beans requires major improvement [6]. The cacao seedlings are grown in nurseries,
and the survival rate of young seedlings is strongly influenced by environmental factors,
such as soil moisture, temperature, and light levels, which affect cacao productivity [7–11].
Therefore, growing quality seedlings is a major challenge in sustainable cacao production.

Atmospheric CO2 concentrations are predicted to rise to 421–936 ppm by the end of
this century [12]. An increase in CO2 concentration increases the photosynthetic rate of
plants and often improves their water-use efficiency by reducing their stomatal conductance
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and transpiration rates [13,14]. When CO2 concentrations increased from 380 ppm to ap-
proximately 550–700 ppm, the photosynthetic rate of C3 plants increased by approximately
38% [15,16]. In a previous study on the tropical crop cacao, increasing CO2 concentrations
from approximately 400 to 700 ppm increased the dry matter weight of the aboveground
leaves in ten-month-old cacao seedlings [17]. However, studies on the morphology and
distribution of underground roots are lacking. Baligar et al. measured the instantaneous
leaf photosynthetic response of 1.5-year-old cacao seedlings at different CO2 concentra-
tions and reported that the photosynthetic rate increased by 33%, stomatal conductance
decreased by 65%, and water-use efficiency increased at CO2 concentrations between 370
and 680 ppm [18]. However, few studies have focused on the photosynthetic capacity of
cacao leaves under continuous treatment with elevated CO2 concentrations [17,19].

Reportedly, 40% of the carbon fixed by photosynthesis is invested underground,
including in rhizomes [20]. Thus, quantifying the root system is essential to understanding
root growth in detail. Roots can be compared manually [21]; measuring root weight
including that of the lateral roots and root length; and calculating the specific root length
(ratio of root length to weight). The vertical distribution of the root system in cacao has
also been reported by comparing the distribution of root length density and root density
below the soil surface [22–24]. Root mass has been measured in rice plants using the
monolithic method [25] and in pepper plants by placing a grid on a soil section, driving
a metal cylinder perpendicular to the center of a grid perpendicular to the section, and
then collecting soil samples containing roots [26]. Recently, neutron radiography and other
methods have been explored; however, these require special facilities and are difficult
to implement [27]. A simple and rapid measurement method employing a 2D optical
scanner to acquire images followed by software-based analysis has been recently used
to study root mass. [28]. In this method, the roots were washed with water to separate
them from the culture medium, placed in a tank to loosen them and avoid overlapping
lateral and fine roots, and 2D images were captured and analyzed. This method is efficient
to measure roots with planar morphology; however, accurately measuring roots with a
3D morphology is challenging due to physical overlap. Three-dimensional images are
more effective than 2D images, particularly for volume measurements. The imaging time,
reconstruction time, and resolution of X-ray computed tomography (CT) scanners have
improved, and the use of X-ray CT scanners for root phenotypic classification has major
potential applicability [29,30].

This study aimed to examine the effects of treating cacao seedlings with and without
elevated CO2 (approximately 800 ppm) for 124 days during the daytime (06:00–17:59) on the
growth and morphology of the aboveground and underground parts of the seedlings. The
morphology and distribution of the underground roots were observed using 3D imaging,
and their volume and surface area were quantified separately for the main, lateral, and fine
roots.

2. Materials and Methods
2.1. Plant Materials and Growing Environment

The experiments were conducted in a greenhouse at Tokyo University of Agriculture
and Technology (Fuchu City, Tokyo, Japan). Theobroma cacao L. (Variety, Trinitario) seedlings
grown from seeds were purchased (Okuhida Farm Co., Ltd., Gifu, Japan). In March 2021,
the first-year plants were repotted into 8.8 L pots (270 mm diameter, 236 mm depth, Kaneya
Co., Ltd., Aichi, Japan) filled with 1.6 ± 0.1 kg of water-retentive and aerated acidic pumice
and 3.7 ± 0.1 kg of natural coconut shell fiber swollen with water (Kaneko Seeds Co.,
Ltd., Gunma, Japan). Plant height, stem diameter at 100 mm from the base of the plant,
and the number of leaves were measured on 24 April 2021, and 15 plants with similar
growth were selected for subsequent analysis. Six plants were treated with elevated CO2
and six plants were treated with ambient CO2 for 124 days. Growth of the three plants
was measured at the beginning of the experiment. The plants were treated with 0.5 to
0.6 L/day commercial nutrient solution (50% Otsuka-A solution; OAT Agrio Co., Ltd.,
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Tokyo, Japan) via drip application throughout the growth period. The electrical conduc-
tivity (EC) and pH of the nutrient solutions ranged from 0.5 to 0.7 mS/cm and 6.0 to 7.0,
respectively. The soil moisture content was controlled at 31.2–40.4%. The CO2 application
system was controlled using a Breath 4100 CO2 controller (Omnia Concerto Co. Ltd., Tokyo,
Japan). In the elevated CO2 area, CO2 was applied to the cacao seedlings from 06:00 to
17:59 through porous tubes from a liquefied CO2 gas cylinder. In the elevated and ambient
CO2 areas, the CO2 concentration was continuously measured at two points between the
plants using a sensor (Murata Manufacturing Co., Ltd., Kyoto, Japan). The temperature
and humidity were continuously measured at two points between the plants using a sensor
(Sensirion AG, Zurich, Switzerland). The plants were grown under two different CO2
treatments for 124 days between 1 May 2021 and 2 September 2021. As two plants in the
ambient CO2 area died because of a defect in the liquid fertilizer tube by 2 September 2021,
four plants in the ambient CO2 area and six plants in the elevated CO2 area were chosen
for further analysis.

2.2. Growth Measurement and Root Extraction Methods

Above-ground parts were removed and separated into leaves and stems, and under-
ground parts were removed from the pot at room temperature (23.1 ◦C, RH 68%). The
pumice, natural coconut shell fibers, and roots were removed from the pots, and the pumice
at the bottom was separated from the roots using tweezers or other tools. Natural coconut
shell fibers were carefully removed from the roots, and the roots were separated by hand
shaking to remove natural coconut shell fibers. This process occurred for approximately
2 h per plant and the roots that maintained their 3D structures were extracted. Each plant
part was dried at 80 ◦C for 72 h, and the dry matter weight of each part was measured. The
number of leaves, stem diameter (using calipers; 100 mm from the base of the plant), and
stem length were measured. The growth ratios were calculated as follows: Relative growth
rate (RGR, g g−1 day−1) = [ln (Wt2/Wt1)/(T2 − T1)], where Wt is the total plant dry matter
weight (shoot + root), T is the time in days, and 1 and 2 refer to the beginning and end of
the treatment, respectively. The root/shoot ratio (R/S) = [Wr/Ws], where Wr is the root dry
matter weight and Ws is the shoot dry matter weight. Leaf/shoot ratio (L/S) = [Wl/Ws],
where Wl is the leaf dry matter weight and Ws is the shoot dry matter weight.

2.3. Leaf Stomatal Measurement

For the leaves, one leaf per plant was observed under a microscope (TM-3000, Hitachi
High-Tech Co., Ltd., Tokyo, Japan) to estimate the stomatal number and area, which were
quantified using ImageJ-Fuji software. The number of stomata per unit area was counted,
and the stomatal area was calculated as the lowest height area at the center of the stomata
per unit area of leaves collected during the day. Measurements were acquired from the
youngest, fully mature, and stiffest leaves generated under the experimental treatments for
each plant. Images were obtained 120–121 days after the start of treatment.

2.4. Three-Dimensional Root Imaging and Root Volume and Surface Measurement

X-ray CT imaging was performed using a Phoenix v|tome|x m300 (Baker Hughes
Company, Houston, TX, USA) owned by the JMC Corporation. The equipment specifica-
tions and imaging conditions are listed in Tables 1 and 2. The volume and surface area of
the main, lateral, and fine roots were analyzed from the volume data.
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Table 1. Specifications of the X-ray CT used in this study.

Items Specifications

X-ray tube type Open directional microfocus X-ray tube,
equipped with 2 tubes

Maximum voltage/Maximum power 300 kV/500 W
Geometrical magnification 1.3× to 100×
Minimum voxel size 2 µm
Minimum detection size 4 µm

Detector type
Dynamic 41|100, Flat panel detector,
410 × 410 mm, 4048 × 4048 pixels, pixel size
100 µm

Focus–detector distance 800 mm
Maximum focus object distance 600 mm
Manipulation Granite-based precision 4-axis manipulator
Rotatable angle 0–360◦

Equipment Phoenix V|tome|x M300
Software Phoenix datos|x

Table 2. Imaging conditions of the X-ray CT system. The root was placed in a cardboard box, fixed
with a cotton ball, rotated from 0◦ to 360◦, and imaged using an X-ray CT.

Items Conditions

Voxel size 0.0673 mm
Number of pictures 2700–3600 sheets
Exposure time 334 ms
Voltage 100 kV
Power 150 µA

2.5. Leaf Photosynthetic Rate Measurement

Leaf photosynthetic curves of one leaf per plant were measured between 09:00 and
16:40 h using a portable photosynthetic system with red and blue LED lights (465 and
670 nm, respectively) as light sources (LI-6400, LI-COR, Inc., Lincoln, NE, USA). Measure-
ments were acquired for the youngest, fully mature, and stiffest leaves generated under the
experimental treatments for each plant. CO2-response curves were measured 70–76 days
after the start of treatment. The photosynthetic rate was measured at eight different CO2
concentration levels (2000, 1500, 1000, 700, 400, 200, 50, and 0 µmol mol−1) at a photosyn-
thetic photon flux density of 1000 µmol m–2 s–1. The measurements were recorded after
stabilization (for 8 min) at each CO2 concentration. Measurements were recorded at a
chamber temperature of 25.0 ± 0.0 ◦C, relative humidity of 79.5 ± 2.7%, and airflow rate
of 500 µmol s−1, and the CO2 concentration was reduced in steps. Light response curves
were measured 99–115 days after treatment initiation. Photosynthetic rates were mea-
sured at eight photosynthetic photon flux densities (1000, 700, 500, 300, 200, 100, 50, and
0 µmol m–2 s–1) at a CO2 concentration of 400 µmol m–2 s–1. The measurements were
performed after stabilization (for 8 min) at each photosynthetic photon flux density. Mea-
surements were recorded at a chamber temperature of 25.0 ± 0.0 ◦C, relative humidity of
74.8 ± 2.8%, and airflow rate of 500 µmol s−1, and the photosynthetic photon flux density
was reduced in steps.

2.6. Statistical Analysis

Data were analyzed for variance in the measured parameters between the ambient
and elevated CO2 treatments using the F-test in Microsoft Excel for Microsoft 365 MSO
(Version 2305 Build 16.0.16501.20074) 64-bit (Microsoft Corporation, Redmond, Washington,
USA). Significant differences were determined using Student’s t-test for equal variance and
Welch’s t-test for unequal variance.
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3. Results
3.1. Growing Environment

Table 3 shows the environmental conditions during the 124 days of treatment in
the ambient CO2 and elevated CO2 areas. Under ambient CO2, the temperature was
31.0 ± 3.3 ◦C, relative humidity was 57.6 ± 12.7%, and CO2 concentration was
512.5 ± 112.6 ppm during the day. Meanwhile, under the elevated CO2 treatment, the tem-
perature was 30.6 ± 3.3 ◦C, relative humidity was 58.0 ± 12.8%, and CO2 concentration was
801.6 ± 178.8 ppm during daytime. Temperature and relative humidity under the elevated
CO2 treatment were not significantly different from those under ambient CO2; however,
the CO2 concentration under the elevated CO2 treatment was 60% higher than that under
ambient CO2 during the day. Meanwhile, no significant differences were present between
the two areas during the night (18:00–05:59). The diurnal changes in CO2 concentrations
were similar to those under ambient CO2, but approximately 800 ppm of CO2 was applied
to the elevated CO2 treatment during the daytime (Figure 1).

Table 3. Average temperature, relative humidity, and CO2 concentration during the daytime and
nighttime when cacao seedlings were grown in a greenhouse under ambient and elevated CO2

conditions. Data presented as mean value ± SD, with daily means averaged over 124 days.

Temperature (◦C) Relative Humidity (%) CO2 Concentration
(µmol mol−1)

Ambient CO2
Daytime (06:00–17:59) 31.0 ± 3.3 57.6 ± 12.7 512.5 ± 112.6

Nighttime (18:00–05:59) 25.0 ± 2.9 73.9 ± 7.1 513.3 ± 83.5

Elevated CO2
Daytime (06:00–17:59) 30.6 ± 3.3 58.0 ± 12.8 801.6 ± 178.8

Nighttime (18:00–05:59) 24.7 ± 2.9 75.5 ± 7.3 517.1 ± 87.0
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Figure 1. Diurnal changes in CO2 concentration for cacao seedlings grown in a greenhouse un-
der ambient and elevated CO2 conditions. CO2 concentration was measured every minute under
(A) ambient and (B) elevated CO2 conditions. Data are presented as minute-by-minute averages over
18 days within the treatment period.

3.2. Growth

The elevated CO2 treatment significantly increased the dry matter weight of the plants
(Figure 2A). Plant dry matter increased by approximately 30% (p < 0.05). More assimilates
were allocated underground than aboveground, and the root dry matter weight increased
by 62%, on average (p < 0.01). The relative growth rate (RGR) increased by 20%, on average
(p < 0.05) and the root/shoot ratio (R/S) increased by 30%, on average (p < 0.05) (Figure 2C).
However, elevated CO2 treatment did not affect the rate of increase in leaf number, stem
diameter, stem length, or aboveground leaf/shoot ratio (L/S) (Figure 2B).
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3.3. Leaf Stomata 
The number of stomata in the leaves grown under elevated CO2 decreased by an aver-

age of 5%, and the stomatal area of these leaves decreased by an average of 17%. The ele-
vated CO2 treatment had no significant effect on leaf stomatal density and area (Figure 3). 
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Figure 3. Growth response of cacao seedlings under ambient and elevated CO2 conditions. (A) Sto-
matal number per unit area of cacao leaves, and (B) stomatal area per unit area of cacao leaves. The 
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Figure 2. Growth response of cacao seedlings grown under ambient and elevated CO2 conditions.
(A) Dry matter weight in cacao seedlings, (B) percentage increase in aboveground of cacao seedlings,
and (C) relative growth rate (RGR), root/shoot ratio (R/S), and leaf/shoot ratio (L/S) of cacao
seedlings. The ambient and elevated CO2 concentrations in the greenhouse are represented by the
white and black bars, respectively. Data are presented as the mean value ± SD, n = 4 (ambient CO2),
n = 6 (elevated CO2); * indicates a statistically significant difference (p < 0.05, t-test), ** indicates a
statistically significant difference (p < 0.01, t-test), and the vertical bars indicate SD.

3.3. Leaf Stomata

The number of stomata in the leaves grown under elevated CO2 decreased by an
average of 5%, and the stomatal area of these leaves decreased by an average of 17%. The
elevated CO2 treatment had no significant effect on leaf stomatal density and area (Figure 3).
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Figure 3. Growth response of cacao seedlings under ambient and elevated CO2 conditions.
(A) Stomatal number per unit area of cacao leaves, and (B) stomatal area per unit area of cacao
leaves. The ambient and elevated CO2 concentrations in the greenhouse are represented by the white
and black bars, respectively. Data are presented as the mean value ± SD, n = 4 (ambient CO2), n = 6
(elevated CO2); the vertical bars indicate SD.
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3.4. Three-Dimensional Root Imaging, Root Volume, and Surface Area

Underground roots were extracted while maintaining their 3D structure (Figure 4).
Three-dimensional images were created by reconstructing the volume data obtained us-
ing X-ray CT, with a voxel size of 0.0673 mm (Figure 5). The main roots were thick
and some were bent and vertically elongated (green areas in Figure 5A–C). Lateral roots
developed horizontally from the periphery of the main root and stem (arrows in Fig-
ure 4), and fine roots developed around the lateral roots throughout the root. Roots
grown under elevated CO2 had longer lateral roots and a more extensive distribution
of lateral and fine roots in all corners of the pot than those grown under ambient CO2
(Figures 4C,D and 5C,D); in contrast, roots grown under ambient CO2 had a narrower and
more skewed distribution of lateral and fine roots (Figures 4A,B and 5A,B). The elevated
CO2 treatment significantly increased the total root volume (Figure 6A). Roots grown under
elevated CO2 conditions exhibited an increased total root volume by an average of 67%
(p < 0.01) compared to roots grown under ambient CO2. The volume of the main roots
increased by an average of 52% and that of the lateral and fine roots increased by an average
of 88% (p < 0.05). Treatment with elevated CO2 increased the surface area of the entire root by an
average of 77% (p < 0.05) (Figure 6B). The surface area of the main roots increased by an average
of 37%, whereas that of the lateral and fine roots increased by an average of 81% (p < 0.05).
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Figure 4. Comparison of root system excluding the culture soil (natural coconut shell fiber and
pumice) of the underground part of cacao seedlings grown for 124 days under ambient and elevated
CO2 conditions. (A) Ambient CO2, from upper side; (B) ambient CO2, from bottom side; (C) elevated
CO2, from upper side; and (D) elevated CO2, from bottom side. Arrows indicate lateral roots that
develop horizontally from the periphery of the main root and stem.
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3.5. Leaf Photosynthetic Rate

The photosynthetic rate of leaves grown under elevated CO2 significantly increased at
photosynthetic photon flux densities of 1000, 700, 500, 300, 200, 100, and 50 µmol m−2 s−1

(Figure 7A) (p < 0.01); however, no significant differences were observed in either transpi-
ration rate or stomatal conductance, except for the photosynthetic photon flux density of
500 µmol m−2 s−1 (Figure 7B,C). The photosynthetic rate of leaves grown under elevated
CO2 was significantly increased at CO2 concentrations of 2000, 1500, 1000, 700, 400, and
200 µmol mol−1 (Figure 8A), and the transpiration rate was also significantly increased
(Figure 8B) (p < 0.01). However, no significant differences were observed in stomatal conduc-
tance, except at the CO2 concentrations of 1500 and 1000 µmol mol−1 (Figure 8C). The A/Ci
curves showed that the photosynthetic rate was significantly increased in leaves grown under
elevated CO2 at leaf intercellular CO2 concentrations of approximately 114–580 µmol mol−1

compared with that in leaves grown under ambient CO2 (Figure 8D) (p < 0.01).



Agronomy 2023, 13, 2264 9 of 13Agronomy 2023, 13, 2264 9 of 13 
 

 

  
(A) (B) 

 

 

(C)  

Figure 7. Photosynthetic light–response curves of cacao leaves grown under ambient and elevated 
CO2 conditions. (A) Leaf photosynthetic rate, (B) leaf transpiration rate, and (C) leaf stomatal con-
ductance. Data are presented as the mean value ± SD, n = 4 (ambient CO2), n = 6 (elevated CO2); * 
indicates a statistically significant difference at p < 0.05 (t-test), ** indicates a statistically significant 
difference at p < 0.01, and the vertical bars indicate SD. 

  
(A) (B) 

  
(C) (D) 

Figure 8. Photosynthetic response curves of cacao leaves grown under ambient and elevated CO2 

conditions. Responses of (A) leaf photosynthetic rate, (B) leaf transpiration rate, (C) leaf stomatal 
conductance, and (D) leaf photosynthetic rate to intercellular CO2 concentration of cacao leaves. 

Figure 7. Photosynthetic light–response curves of cacao leaves grown under ambient and elevated
CO2 conditions. (A) Leaf photosynthetic rate, (B) leaf transpiration rate, and (C) leaf stomatal
conductance. Data are presented as the mean value ± SD, n = 4 (ambient CO2), n = 6 (elevated CO2);
* indicates a statistically significant difference at p < 0.05 (t-test), ** indicates a statistically significant
difference at p < 0.01, and the vertical bars indicate SD.

Agronomy 2023, 13, 2264 9 of 13 
 

 

  
(A) (B) 

 

 

(C)  

Figure 7. Photosynthetic light–response curves of cacao leaves grown under ambient and elevated 
CO2 conditions. (A) Leaf photosynthetic rate, (B) leaf transpiration rate, and (C) leaf stomatal con-
ductance. Data are presented as the mean value ± SD, n = 4 (ambient CO2), n = 6 (elevated CO2); * 
indicates a statistically significant difference at p < 0.05 (t-test), ** indicates a statistically significant 
difference at p < 0.01, and the vertical bars indicate SD. 

  
(A) (B) 

  
(C) (D) 

Figure 8. Photosynthetic response curves of cacao leaves grown under ambient and elevated CO2 

conditions. Responses of (A) leaf photosynthetic rate, (B) leaf transpiration rate, (C) leaf stomatal 
conductance, and (D) leaf photosynthetic rate to intercellular CO2 concentration of cacao leaves. 
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conditions. Responses of (A) leaf photosynthetic rate, (B) leaf transpiration rate, (C) leaf stomatal
conductance, and (D) leaf photosynthetic rate to intercellular CO2 concentration of cacao leaves.
Data are presented as the mean value ± SD, n = 4 (ambient CO2), n = 6 (elevated CO2); * indicates a
statistically significant difference at p < 0.05 (t-test), ** indicates a statistically significant difference at
p < 0.01, and the vertical bars indicate SD.
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4. Discussion

In this study, we investigated the effects of treating cacao seedlings with elevated
CO2 levels (approximately 800 ppm) for 124 d during the daytime (06:00–17:59) on the
growth and morphology of the aboveground and underground parts of the seedlings.
The experiment was conducted for 124 days under a daytime CO2 concentration of
801.6 ± 178.8 ppm in the elevated CO2 treatment area, or 512.5 ± 112.6 ppm under ambient
CO2 (Table 3, Figure 1). The total dry matter weight increased significantly after the treat-
ment period (p < 0.05). The average dry weights of leaves, stems, and roots increased by
24%, 28%, and 62%, respectively (Figure 2A). Lahive et al. reported that the aboveground
dry matter weight increased by 28.5% on average when young 4-month-old cacao seedlings
were grown under elevated CO2 (approximately 700 ppm) for 154 days; however, they did
not measure the underground roots [17]. Baligar et al. reported significant increases in total
and root dry matter weights when young cacao seedlings of seven genotypes were grown
under elevated CO2 (approximately 700 ppm) for 90 d [31]. Comparing the results of the
present study with those of Baligar et al., the total dry matter weight, especially that of the
roots (average 62% increase), increased significantly, albeit for different ages of the seedlings
(Figure 2A). In addition, the relative growth rate and R/S increased significantly, whereas
the aboveground L/S did not differ. Morphological changes induced by the treatment were
more prominent in the roots than shoots (Figure 2).

Baligar et al. analyzed the total root length in 2D when young cacao seedlings were
grown under elevated CO2 concentrations (approximately 700 ppm) for 90 d after plant-
ing [31]. However, because this study used seedlings that were older than one year, we
assumed that accurately quantifying root morphology and distribution would be challeng-
ing from 2D images without physical overlap. Considering the morphological reason for
the significant increase in root dry matter weight by observing the 3D structure of the roots,
X-ray CT was used to obtain clear 3D images of cacao roots, observe their 3D structure,
and analyze the root volume and surface area (Figure 6). The main, lateral, and fine roots
were observed by color coding the images. The lateral roots extended horizontally from
the periphery of the main root and rhizome, and the fine roots were distributed around
the lateral roots and throughout the main root (Figure 5). The results of this study indicate
that the elevated CO2 treatment may have greatly affected the distribution of cacao roots,
especially in the surface layer, because the roots grown under the elevated CO2 treatment
had thicker and longer lateral roots that grew horizontally, and lateral and fine roots were
widely distributed throughout the pot. The promotion of root elongation by elevated CO2
treatment should be investigated in the future from the perspective of the distribution of
photosynthetic assimilates and hormones involved in root elongation and cap formation.

The elevated CO2 treatment increased root surface area and volume by an average of
77% and 67%, respectively, with those of the lateral and fine roots increasing more than
those of the main roots (Figure 6). These results indicate that continuous treatment with
elevated CO2 increased the number of lateral and fine roots as well as the surface area for
increased nutrient and water absorption, and enhanced rooting. Santos et al. reported
that drought stress on cacao seedlings decreased leaf area but increased root dry matter
weight and volume, demonstrating that they adapted to survival conditions [32]. Therefore,
treatment with elevated CO2 may help decrease the drought stress by increasing root
volume and surface area, thereby increasing the chances of obtaining water at the soil
surface and in deeper layers. The amount of nutrients taken up by plants depends on their
root structure and growth rate [33]. Elevated CO2 treatment of cacao seedlings is expected
to accelerate their establishment and growth in cacao plantations.

Continuous treatment under elevated CO2 concentrations resulted in a slight increase
in the number of leaves and a decrease in the number of stomata per unit area. How-
ever, the photosynthetic capacity of leaves per unit area remained high, indicating that
more assimilates were produced. In this study, the leaves grown under the elevated CO2
treatment showed significantly increased photosynthetic rates with an 11–18% increase in
stomatal conductance at a photosynthetic photon flux density of 50–1000 mmol m−2 s−1
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compared with that in leaves grown under ambient CO2, even at the same CO2 concentra-
tion and photosynthetic photon flux density in the chamber (Figure 7A). The maximum
photosynthetic rate at the leaf level is achieved under relatively low photon flux densities
of approximately 400 mmol m−2 s−1 in cacao [18,34], and the photon flux density in agro-
forestry systems, where cacao is typically grown, is 243–1273 mmol m−2 s−1 [35]. This
study showed that leaves grown under elevated CO2 concentrations significantly increased
photosynthetic rates at a photosynthetic photon flux density of 300–1000 mmol m−2 s−1,
and that an increase in light-use efficiency occurred even at low photon flux densities, such
as those in shaded areas, which is a typical cacao growth condition on farms. Lahive et al.
reported that the light-saturated photosynthetic rate (Pmax) of 4-month-old young cacao
seedlings grown under elevated CO2 (approximately 700 ppm) was higher than that of
seedlings grown under ambient CO2 (approximately 400 ppm) by an average of 105%,
and that water-use efficiency was significantly increased [17]. In contrast, Baligar et al.
reported a significantly increased photosynthetic rate, decreased stomatal conductance and
transpiration rate, and significantly increased water-use efficiency in 4-month-old young
cacao seedlings grown under elevated CO2 (approximately 700 ppm) compared to that
in seedlings grown under ambient CO2 (approximately 400 ppm) [31]. In this study, the
leaves grown under the elevated CO2 treatment significantly increased the photosynthetic
rate by 55–72% and the transpiration rate by 30–100% compared to those in leaves grown
under ambient CO2 at the same CO2 concentration of 200–2000 mol mol−1 in the cham-
ber. (Figure 8A) (p < 0.01) However, no significant differences were observed in stomatal
conductance, except for CO2 concentrations of 1500 and 1000 µmol mol−1 (Figure 8C). The
continuous treatment of leaves with elevated CO2 concentrations is expected to improve
CO2-use efficiency and increase leaf photosynthetic capacity. The A/Ci curves showed that
the photosynthesis rate was significantly increased in leaves grown under the elevated CO2
treatment at intercellular CO2 concentrations in leaves of approximately 114–580 µmol mol−1

compared with leaves grown under ambient CO2 (Figure 8D). Leaves treated continuously
with elevated CO2 concentrations showed significantly higher photosynthetic capacity
and more efficient use of CO2 for photosynthesis, even though the concentrations of CO2
diffusing into the leaves were similar. Improvement in the photosynthetic capacity of leaves
under continuous treatment with elevated CO2 should be investigated in future studies in
terms of the response of RuBisCO to CO2 and O2 [36].

Additionally, we observed the roots using 3D imaging with X-ray CT and quantified
their volume and surface area. X-ray CT is widely used to nondestructively measure the
internal structure of industrial metal parts and the bone structure of biological specimens
owing to its reproducible measurement capability [37]. When roots with high moisture
content are imaged by X-ray CT, a small amount of moisture evaporates during the imaging
process, causing the roots to move and resulting in a lack of clear images. To obtain a
clear image, the roots must be dried while maintaining their 3D structure. The roots were
separated from the soil by shaking to maintain their 3D structures. The natural coconut-
shell fiber used as the soil contained a large liquid phase, large vapor phase, and small
solid phase. It is easily separated from the roots and allows X-rays to pass through because
of its low density. Further studies are required to determine the environmental conditions
and soil types that can aid in the separation of roots from soil. The Pearson correlation
coefficient between root dry matter weight and volume analyzed using X-ray CT was
r = 0.94, indicating a significant correlation (p < 0.01). Root analysis using X-ray CT was
effective in qualifying and quantifying roots. However, X-ray CT is expensive in terms of
equipment and maintenance.

In conclusion, in this study, we examined the effects of elevated CO2 concentrations
applied to cacao seedlings during daytime (6:00–17:59) on the root growth and morphology.
We demonstrated that treatment with elevated CO2 concentrations significantly affects root
quality during the seedling stage by expanding the distribution range of lateral and fine
roots, which increases the ability of lateral roots to elongate and absorb more water and
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nutrients from the superficial layers. Our findings may be valuable for obtaining quality
seedlings with a high R/S ratio for sustainable cacao production.
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