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Abstract: This study focuses on optimizing chlorophyll extraction techniques and strategically
placing leaf disks to enhance chlorophyll concentration in sesame (Sesamum indicum L.) leaves.
Thirty sesame genotypes, categorized into light green (LG), middle green (MG), and deep green
(DG) pigment groups based on leaf coloration, were selected from a larger pool of field-grown
accessions. The investigation involved determining optimal SPAD value index measurements,
quantifying pigment concentrations, exploring extraction solvents, and selecting suitable leaf disk
positions. Significant variations in chlorophyll content were observed across genotypes, greenness
categories, and leaf disk positions. The categorization of genotypes into DG, MG, and LG groups
revealed a correlation between leaf appearance and chlorophyll content. The study highlighted a
consistent relationship between carotenoids and chlorophyll, indicating their role in adaptation to
warm environments. Examination of leaf disk positions revealed a significant chlorophyll gradient
along the leaf blade, emphasizing the need for standardized protocols. Chlorophyll extraction
experiments identified DMSO and 96% ethanol, particularly the later incubated for 10 minutes at
85°C, as effective choices. This recommendation considers factors like cost-effectiveness, time
efficiency, safety, and environmental regulations, ensuring consistent and simplified extraction
processes. For higher chlorophyll extraction, focusing on leaf tips and the 75% position along the
sesame leaf blade is suggested, consistently yielding higher chlorophyll content. Our findings
therefore, underscores insightful knowledge on chlorophyll gradients and encouraging for
standardized protocols, that enabling researchers to refine experimental designs for precise and
comparable chlorophyll measurements. Recommended solvent choices ensure reliable outcomes in
plant physiology, ecology, and environmental studies.

Keywords: Carotenoids Content; Chloroplast Ultrastructure; Leaf Disk Positions; Sesamum indicum;
and SPAD value Index

1. Introduction

Chlorophyll, the green pigment found in plant leaves, plays a fundamental role in
photosynthesis, the process by which plants convert light energy into chemical energy, ultimately
sustaining life on Earth. It serves as a crucial indicator of a plant’s photosynthetic vitality and overall
health. Measuring chlorophyll concentration in plants is crucial in assessing a plant’s photosynthetic
efficiency, overall health, and response to environmental stressors. In terms of its structure,
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chlorophyll consists of a tetra pyrrole ring housing a central magnesium ion, accompanied by an
elongated hydrophobic phytol chain [1]. Its presence extends across a wide spectrum of organisms,
encompassing higher plants, ferns, mosses, green algae, and specific prokaryotic entities like
Prochloron varieties inhabiting plants and algae [2,3].

In higher plants, chlorophyll manifests primarily as chlorophyll a (Chla), serving as the principal
pigment, and chlorophyll b (Chlb), operating as a supplementary pigment. These chlorophyll
variants coexist in a typical chlorophyll ratio (Chla/b) of roughly 3 to 1, although this proportion can
be subject to fluctuations influenced by growth conditions and environmental factors [3]. The
primary differentiation between these two chlorophyll types is the presence of a methyl group in
Chla, replaced by a formyl group in Chlb [3,4]. Chlorophyll predominantly absorbs light within the
red (650-700 nm) and blue-violet (400-500 nm) regions of the visible spectrum and interestingly, it
exhibits a unique property of reflecting green light (~550 nm), which imparts the characteristic green
coloration to chlorophyll [1,3-5].

Sesame, a valuable oilseed crop, is highly regarded for its oil-rich seeds, finding applications in
cooking, cosmetics, and traditional medicine [6,7]. This crop is esteemed for its resilience to varying
climates, impressive oil content, and exceptional antioxidant properties [8]. Sesame serves as a vital
source of premium-quality edible oil and protein-rich food. Sesame seeds typically contain oil in the
range of 50-60%, and this oil boasts a significant proportion of natural antioxidants such as sesamolin,
sesamin, and sesamol in which hese antioxidants contribute to the extended shelf life and stability of
sesame oil [6,9]. Studies have revealed that sesame seeds are rich in protein, comprising
approximately 19-25% of their composition [6]. Moreover, sesame seeds are abundant in essential
minerals like iron, magnesium, copper, and calcium, along with vitamins Bl and E, as well as
phytosterols at which these nutritional components were reported haveing a role in reducing blood
cholesterol levels [10]. Additionally, sesame seeds encompass all the essential amino acids and fatty
acids, further enhancing their nutritional value [11]. Sesame, therefore, emerges as a versatile and
nutritious crop with immense potential for various applications, from culinary to health-enhancing
products. In this case, understanding and optimizing chlorophyll extraction from sesame leaves are
of particular importance because chlorophyll content can provide insights into the crop’s health,
growth, and potential yield.

Accurately quantifying chlorophyll concentration demands the utilization of effective extraction
techniques. Traditionally, wet chemical methods have entailed dissolving chlorophyll in a solvent,
followed by assessing the absorbance of the chlorophyll solution via spectrophotometry.
Concentration values are then derived using well-established equations. Previous investigations
have explored a range of methods to evaluate chlorophyll content in higher plant leaves,
encompassing non-destructive chlorophyll meters [12], fluorometry [13], photo-acoustic
spectroscopy [14], chromatographic approaches [15], and spectrophotometry [4,16-19]. Numerous
studies have demonstrated that chlorophylls, which are lipid-soluble compounds present in plant
tissues, can be extracted using water-miscible organic solvents. These solvents include acetone,
pyridine, methanol, ethanol, diethyl ether, DMF, and DMSO, all of which have the ability to absorb
water [4,16,20-28].

Despite extensive experimentation dedicated to chlorophyll extraction and quantification, no
single method has been identified that simultaneously offers simplicity, widespread applicability,
ease of reproducibility, and high sensitivity [26]. The presence of numerous variable conditions
affecting chlorophyll pigments, their extractability, and their reactions complicates the task of
selecting a single extraction procedure that can accurately estimate all the green components present
in various plants and plant-derived products. Different researchers have reported varying degrees of
effectiveness with different extraction procedures. The acetone method [4], has been widely accepted
for chlorophyll determination due to its simplicity, sensitivity, and safety compared to the DMSO
and DMF methods [29,30]. However, the acetone method involves grinding plant tissue in acetone,
followed by centrifugation, which can be time-consuming for large sample numbers [25]. In contrast,
the DMSO method is simpler and faster as it eliminates the need for grinding and centrifugation [12],
offering similar efficiency to acetone with superior chlorophyll stability [25]. Nevertheless, DMSO
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and DMF are associated with toxicity and unpleasant odors during extraction [30], and DMSO
extraction is sensitive to temperature fluctuations [31]. When comparing acetone and ethanol, both
considered less harmful solvents, 96% ethanol has been reported as an efficient extraction solvent
compared to 90% acetone [32].

Given the economic significance of sesame and the importance of chlorophyll as an indicator of
plant health and productivity, there is a pressing need to optimize chlorophyll extraction techniques
to ensure accurate and efficient measurements. This research aims to address these challenges by
exploring innovative methods and leaf disk positions to enhance the precision and reliability of
chlorophyll extraction from sesame leaves. The findings of this study can have broader implications
for agriculture and plant biology. By improving chlorophyll measurement techniques, researchers,
agronomists, and farmers can better monitor and manage the health and growth of sesame crops,
leading to increased yields and sustainable agricultural practices.

2. Results

2.1. SPAD Value Index (SVI) variation within sesame genotypes

The ANOVA analysis for the SPAD Value Index (SVI) reveals significant effects attributed to the
genotype variation (F29, 420 = 25.41; P < 0.001) on the relative chlorophyll concentration of sesame
leaves. The results presented in Figure 2A underscore the significant variation in chlorophyll content
among sesame genotypes. Among the evaluated sesame genotypes, a wide range of chlorophyll
content was observed. Notably, DG5 and DG3 exhibit the highest levels of chlorophyll content,
signifying their exceptional chlorophyll production capabilities. DG5, in particular, stands out with
remarkably high chlorophyll content. Moving to the medium green category, we continue to observe
variability in chlorophyll content. MG5 and MG?7 fall within the intermediate range, indicating
moderate chlorophyll content. MG6 and MG3 are also categorized here, with slightly lower
chlorophyll content compared to MG5 and MG?7. Conversely, LG6, LG9, and LG7 are the genotypes
that exhibit the lowest chlorophyll content.
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Figure 2. Assessment of SPAD Value Indices for: (A) Different Sesame Genotypes (Genotypes are
arranged in ascending order from left to right: DG1, DG10, DG2-DG9; LG1, LG10, LG2-LG9; MG1,
MG10, MG2-MG@G9), (B) Categories of Sesame Greenness groups. The bars represent the mean values,
and error bars depict one standard error (SE) pair comparison of t-test. The experiment involved 10
genotypes for each catagory, each replicated three times. Significant level represents, “***” < 0.0001,
e <0.00001.

2.2. SPAD Value Index (SVI) variation among different sesame greenness categories

The SPAD Value Index (SVI) ANOVA analysis reveals significant effects of the greenness
category (F2, 447 = 191.53; P < 0.001) on the relative chlorophyll concentration in sesame leaves.
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Categorizing sesame genotypes into DG, MG, and LG groups elucidates the diverse chlorophyll
content among genotypes, emphasizing substantial variations irrespective of genotype differences.
In Figure 2B, the distinct chlorophyll difference among DG, MG, and LG categories is evident. DG
plants exhibit the highest chlorophyll content, with a mean SVI of 51.052 and a range from 29.00 to
59.70 (Figure 2B), significantly differing from MG and LG. MG, with a mean chlorophyll content of
45.839 and a range from 31.100 to 61.000 (Figure 2B), shows lower chlorophyll content than DG but
significantly higher than LG. LG, with the lowest mean chlorophyll content at 38.15 and a range from
20.30 to 55.40 (Figure 2B), indicates significantly lower chlorophyll content compared to DG and MG.
These findings emphasize the substantial impact of greenness categories on chlorophyll content,
providing insights into the relative chlorophyll concentrations of sesame genotypes. The
categorization based on greenness proves informative, offering a clearer understanding of the
inherent chlorophyll variations among sesame plants.

2.2. Variation in SPAD Value Index (SVI) Across Different Leaf Disk Positions along the Leaf Blade

The ANOVA analysis for the SPAD Value Index (SVI) reveals significant effects attributed to the
leaf disk position (F4, 445=19.46; P <0.001) on the relative chlorophyll concentration of sesame leaves.
The study reveals notable variations in chlorophyll concentration across different positions of sesame
leaves (Figure 3). The leaf tip exhibits the highest chlorophyll content, with a mean SVI of 49.00 and
a range of 34.40 to 61.00, significantly differing from other positions. At the 75.00% position, the leaf
disk shows an intermediate chlorophyll level (47.00), not significantly different from the tip but
distinct from the base. The middle position, with a mean SVI of 45.45, displays moderate chlorophyll
content, differing significantly from the base. The 25.00% position presents intermediate chlorophyll
levels (43.40), significant compared to other positions except the base. The leaf base has the lowest
mean SVI (40.25) and significantly differs from all other positions, indicating markedly lower
chlorophyll content. These findings emphasize a clear chlorophyll gradient along the leaf blade, with
the tip demonstrating superior content compared to other positions, particularly the base.
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Figure 3. SVI variability across various leaf disk positions alongside of the sesame leaf blades. Box
plots with the same letter(s) indicate no significant difference as per the SNK test at a 5% significance
level. (Each box represent the Interquartile Range (IQR); the line inside the box (Median Line)
represents the median value; the Whiskers extended from the box represents the Minimum and
Maximum Values within 1.5 times IQR).

2.2. Comparison of extraction method for optimal chlorophyll extraction

The ANOVA analysis unequivocally identified significant variations in chlorophyll
concentrations (Chla, Chlb, and Chla+b) across various extraction methods (F5, 36 = 17.76, P < 0.001;
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F5, 36 = 5.01, P < 0.001; F5, 36 = 21.71, P < 0.001, respectively). However, no significant differences
were observed in Chla/b (F5, 36 = 0.42, P = 0.831). In-depth mean comparisons revealed that DMSO
incubation at 65°C, 96% ethanol incubation at 85°C, and boiling leaf in 96% ethanol at 85°C yielded
Chla levels significantly higher than other methods, although not differing significantly from each
other (Figure 4 A-D). Notably, DMSO exhibited the highest Chla content (mean: 27.22), emphasizing
its efficacy. Conversely, 96% ethanol at 65°C consistently yielded the lowest Chla content. These
findings underscore the crucial influence of extraction methods on Chla levels and highlight DMSO'’s
prominence.
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Figure 4. Comparative Efficiency of Various Chlorophyll Extraction Methods for (A) Chla, (B) Chls,
(C) Chlaw, and (D) Chlap. Extraction methods include DMSO (DMSO), 96%ES85 (96% ethanol, 10
minutes at 85°C), 96%E_B (boiled leaf in 96% ethanol, 3 minutes at 85°C), 96%E_C (96% ethanol, 24
hours at 40°C, cold method), 75%ET (75% ethanol, 25 minutes at 65°C), and 96%E65 (96% ethanol, 25
minutes at 65°C). Bar plots with the same letter(s) indicate no significant difference as per the SNK
test at a 5% significance level. The bars represent the mean values, and error bars depict one standard
error (SE) from ANOVA. The experiment involved 30 genotypes, each replicated three times.

Additionally, DMSO and 96% ethanol at 85°C consistently produced higher Chlb and total
chlorophyll content, while 96% ethanol boiled and 96% ethanol at 24 hours and 40°C displayed
intermediate levels. Solvents 75% ethanol at 650°C and 96% ethanol at 65°C consistently resulted in
the lowest Chlb and total chlorophyll content. The Chla/b ratio exhibited subtle variations among
extraction methods, ranging from a mean of 2.910 to 4.81. These findings emphasize the critical need
for methodological precision in chlorophyll analysis, offering insights for optimizing protocols to
ensure accurate and reliable measurements in plant samples.

2.2.1. Efficiency of DMSO and 96% Ethanol as optimal Chlorophyll Extraction Solvents

Both DMSO and 96% Ethanol emerged as highly efficient chlorophyll extraction solvents in this
study, demonstrating comparable performance. While DMSO slightly extracted a higher total Chla
content (33.59) compared to 96% Ethanol (29.392) across all three extraction frequencies, statistical
analysis did not detect a significant variation between the two solvents (Table 1). Notably, the
ANOVA result highlighted a significant difference in Chla extraction efficiency among different
extraction frequencies within each solvent. The initial extraction proved most effective for both
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solvents, contributing approximately 81% of total Chla (Table 1). Subsequent extractions, though
yielding similar amounts of Chla for DMSO (17.35%) and 96% Ethanol (16.94%), were significantly
lower than their corresponding first extracts. The third extraction was the least efficient for both
solvents, resulting in very low Chla content (DMSO at 1.62% and 96% Ethanol at 2.03%) (Table 1).

Similar trends were observed for Chlb extraction, with significant differences among extraction
frequencies within each solvent but no significant variation between DMSO and 96% Ethanol. The
initial extraction was most efficient, constituting the majority of Chlb content (approximately 85%
and 77% for 96% Ethanol and DMSQO, respectively) (Table 1). Subsequent extractions showed
diminishing yields, with the third extraction being the least efficient.

Table 1. Mean + SE (ug/cm?) Extraction Efficiency of DMSO and 96% Ethanol across three extraction

frequencies.

Variable. Solvent Extraction frequencyMean +SE (ug/cm?)% of extraction efficiency Min. Max.

96%ETOH extract-1 23.82+073c¢ 81.05 20.1225.45
96% Ethanol 96%ETOH _extract-2 4.97+0.31de 16.92 3.57 6.18
96%ETOH extract-3 0.60+0.67¢ 2.03 0.27 0.82
96%ETOH total 29.39+0.82ab 100.00 25.6731.76
Chi, DEMSO_extract-1 27.22+1.42bc 81.04 19.9630.84
DEMSO DEMSO extract-2 5.83+0.98d 17.36 1.83 9.89
DEMSO extract-3 0.54+0.09¢ 1.62 0.35 0.98
DEMSO_total 33.59+2.20a 100.00 24.5440.79
F(7,48) 172.40
P <0.001
96%ETOH extract-1 11.09+0.78ab 84.98 8.72 14.98
96%ETOH_extract-2 1.73+0.12¢ 13.24 1.18 2.10
96% Ethanol
96%ETOH extract-3 0.23+0.03¢ 1.78 0.07 0.34
Chls 96%ETOH total 13.05+0.83a 100.00 10.4317.19
DEMSO_extract-1 9.44+0.56b 76.79 7.33 11.44
DEMSO DEMSO extract-2 2.47+0.42¢ 20.05 0.76 4.16
DEMSO extract-3 0.39+0.05¢ 3.16 0.13 0.56
DEMSOQO _total 12.29+0.86a 100.00 9.82 15.19
F(7, 48) 98.85
P <0.001
96%ETOH extract-1 35.37+1.43b 82.24 29.6440.93
96% Ethanol 96%ETOH extract-2 6.80+0.43cd 15.80 4.82 8.40
96%ETOH_extract-3 0.84+0.10d 1.95 0.34 1.13
Chl 96%ETOH total 43.01+1.60a 100.00 37.2149.57
DEMSO_extract-1 35.55+1.77b 79.87 26.9239.66
DEMSO DEMSO extract-2 8.06+1.36¢ 18.11 2.52 13.64
DEMSO extract-3 0.91+0.13d 2.04 0.57 141
DEMSO_total 44.51+2.89a 100.00 33.3754.11
F(7, 48) 165.71
P <0.001
96%ETOH_extract-1 2.19+0.10bc 28.07 1.70 2.57
96% Ethanol 96%ETOH_extract-2 2.89+0.06b 37.12 2.61 3.05
96%ETOH_extract-3 2.71+0.20b 34.81 2.15 3.84
Chlus 96%ETOH_total 7.79+0.25a 100.00 6.84 8.89
DEMSO_extract-1 2.91+0.15b 42.35 2.57 3.46
DEMSO DEMSO_extract-2 2.38+0.04bc 34.60 225 2.54
DEMSQO_extract-3 1.58+0.35¢ 23.05 0.77 3.44
DEMSOQO _total 6.87+0.32a 100.00 5.98 8.45
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F(7, 48) 117.73
P <0.001

The means followed by the same letter (s) in the same column are not significantly different using SNK test at a

5% level of significance.

Both solvents efficiently extracted total Chla+b, with no significant difference between them. The
first extraction dominated in terms of efficiency, contributing the majority of total chlorophyll content
(around 82% for 96% Ethanol and 80% for DMSO). The second extraction extracted a lower
percentage (around 15-18%), and the third extraction contributed only a negligible amount (Table 1).
For Chla/b extraction, both solvents performed efficiently with no significant difference. Similar to
Chla and Chlb, the first extraction was the most efficient, resulting in the highest Chla/b content, while
subsequent extractions produced lower chlorophyll ratios. The findings underscore the robust
performance of both DMSO and 96% Ethanol, emphasizing the significance of the initial extraction
in maximizing chlorophyll yield.

2.2. Quantification of Chlorophyll concentration variation in sesame leaves

The overall ANOVA results of an analysis for chlorophyll concentration in sesame genotypes
based on both genotype variations and leaf disk positions demonstrated that both genotype (F29, 180
= 15.65, P < 0.001) and leaf disk position (F2, 180 = 11.65, P < 0.001) have significant effects on
chlorophyll concentration in sesame genotypes using 96% ethanol incubated at 85°C for 10 minutes .
The interaction between these factors (F58, 180 = 0.99, P = 0.50) however, does not appear to contribute
significantly to the variation in chlorophyll concentration. The variation in genotype has significant
effect on chlorophyll concentration, which suggested that there are significant differences in
chlorophyll concentration among the different sesame genotypes being studied. Similarly, the
chlorophyll concentration varies significantly depending on the position from which leaf disks are
taken within the leaf blade.

2.2.1. Variation in Chlorophyll Concentration across sesame genotypes and leaf greenness
categories

The ANOVA analysis in this study unveiled significant diversity in Chla concentration among
various sesame genotypes (F29, 240 = 14.4, P < 0.001) and different greenness categories (F2, 267 =
80.34). DG5 (mean = 28.55) and DG10 (mean = 27.42) stood out as exceptional genotypes with the
highest Chl. content, surpassing other genotypes. MG6 (24.22) and DG2 (22.19) displayed
intermediate Chla concentrations, while LG7 (13.32), LG10 (13.860), and MG10 (13.45) exhibited the
lowest Chla levels. Further insights from Figure 5B emphasized the link between Chla. concentration
and greenness categories. DG genotypes demonstrated significantly higher mean Chl. concentration
(25.30) compared to MG (18.279) and LG (17.529) categories, with no statistically significant
differences between MG and LG.

Chly concentration exhibited significant variation among genotypes (F24, 240 = 13.47, P < 0.001)
and greenness categories (F2. 267 = 67.28, P < 0.001). Several genotypes, including DG9, DG10, DG5,
DG7, DG6, and MG6, showcased the highest mean Chls concentrations (11.49 to 11.94), indicating a
robust capacity for Chls production. Genotypes DG4 and DG3 displayed intermediate Chlo
concentrations (10.75 to 10.77), demonstrating noteworthy Chls content. Another group of genotypes
exhibited lower mean Chlv concentrations (5.71 to 10.00), indicating relatively lower Chl» content.
Similar to Chla trends, the DG category (Mean = 10.85) displayed a significantly higher mean Chlb
concentration compared to MG (Mean = 8.03) and LG (Mean = 7.55) categories, reaffirming the
association between deep green characteristics and higher Chv content in DG genotypes. These
findings elucidate the intricate relationship between genotype, greenness category, and chlorophyll
composition in sesame plants, offering valuable insights into the factors influencing chlorophyll
variability.

Regarding the total chlorophyll content, the ANOVA analyses underscore substantial variations
in total chlorophyll content among sesame genotypes (F29, 240 = 14.21, P < 0.001) and greenness
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categories (F2, 267 =76.95, P <0.001), revealing diversity in chlorophyll production. Figure 5E depicts
distinct total chlorophyll levels among genotypes, with DG5 leading at 40.35, followed by DGIO,
DG6, DGY, DG7, and DG4 with elevated content. Genotypes MG6 and DG3 fall within an
intermediate range, while others show lower chlorophyll content. Greenness categories mirror the
patterns seen in Chl. and Chls (Figure 5F).

Figure 5G illustrates significant variability in carotenoid content among genotypes (F29, 240 =
14.93, P < 0.001). DG5, DG4, DG6, DG10, MG6, and DG3 exhibit noteworthy carotenoid levels,
contrasting with LG9, LG7, MG10, and LG10 displaying the lowest. Intermediate levels are observed
in genotypes like DG4, MG2, and LG3. Significant variation (F2, 267 = 61.47, P < 0.001) also exists
among deep green, middle green, and light green groups (Figure 5H). These findings highlight the
diverse carotenoid profiles within sesame genotypes, offering insights into their photosynthetic
pigment composition.
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Figure 5. Variation in Pigment Concentrations in Sesame Leaves Across Different Genotypes and
greenness categories: (A) Chlorophyll a (Chla), (C) Chlorophyll b (Chlb), (C) Total Chlorophyll
(Chlatb), and(D) Carotenoid Concentration; Greenness Categories: (E) Chlorophyll a (Chla), (F)
Chlorophyll b (Chlb), (G) Total Chlorophyll (Chla+b), (H) Carotenoid Concentration. Sesame
Genotypes (arranged from left to right in ascending order): DG1, DG10, DG2-DG9; LG1, LG10, LG2-
LG9; MG1, MG10, MG2-MG90. (Each box represent the Interquartile Range (IQR); the line inside the
box (Median Line) represents the median value; the Whiskers extended from the box represents the
Minimum and Maximum Values within 1.5 times IQR; Individual data points beyond 1.5 times IQR
represents the Outliers:.
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2.2.1. Variation in Chlorophyll Concentration across the Different Leaf Disk Positions along the Leaf
Blade

Regarding the leaf disk positions, the results of ANOVA analyses highlight the substantial
variations in Chla+b among leaf disk positions (F2, 267 =4.71, P <0.001), providing valuable insights
into the diversity of chlorophyll production within the plant specimens studied. Figure 6 presented
the outcomes of the mean comparisons for leaf disk positions: tip, middle, and base, along the leaf
blade of sesame genotypes. Specifically, the “tip” and “middle” leaf disk positions (Mean = 31.05 and
29.14, respectively) share the same letter, indicating that their chlorophyll content does not
significantly differ. Conversely, both the “tip” and “middle” positions exhibit significantly higher
chlorophyll content compared to the “base” leaf disk position (Mean: 27.35).

8 - |
o I
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I
@ o _| 1
= q. al
=
(@]
g (@)
o |
P
4]
@
E O - I | !
N l | :
3 : —_
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I | I
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Leaf disk positions

Figure 6. Total chlorophyll (Chla) content variation among Leaf Disk Position across Sesame
Genotypes’ Leaf Blades. (Each box represent the Interquartile Range (IQR); the line inside the box
(Median Line) represents the median value; the Whiskers extended from the box represents the
minimum and maximum values within 1.5 times IQR).

2.2. Chloroplast anatomical variation between deep green and light green sesame leaves

The electron micrographs of chloroplasts obtained from the leaves of both deep green and light
green sesame genotypes (Figure 7A), reveal notable difference in their chloroplast structures,
encompassing grana, thylakoids, and lipid droplets. The deep green leaf exhibit a higher density of
chloroplasts within their mesophyll cells, as presented in Figure 7B(b), which typically translates to
greater efficiency in capturing and converting light energy into chemical energy. In contrast, the light
green leaf display reduced chloroplast densities, (Figure 7C (b)). Likewise, in the deep green leaf,
there was greater density and more well defined stacking of grana (Figure 7C (c)), enabling more
effective light capture and energy transfer during photosynthesis. Conversely, the light green leaf
featured fewer and less tightly stacked grana (Figure 7B (c)), potentially resulting in less
photosynthetic efficiency. Furthermore, the deep green leaf manifest a higher abundance of
thylakoids, while light green leaf exhibit fewer thylakoids. Additionally, the deep green leaf were
characterized by larger and more numerous lipid droplets, indicative of their enhanced energy
storage capacity while, in contrast, the light green leaf have smaller or fewer lipid droplets (Figure
7C (c)), suggesting a reduced capacity for energy storage.
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Figure 7. Electron Micrographs of Chloroplasts: (A) Chloroplasts from light green (left) and deep
green (right) sesame genotypes in the field. (B) (a) A single leaf from the light green sesame genotype,
(b) multiple chloroplasts, (c) a thin section of a single chloroplast revealing the cell wall, chloroplast
envelope, starch granules, lipid (fat) droplets, grana (stack of thylakoids), and thylakoids. (C) (a) A
single leaf from the deep green sesame genotype, (b) multiple chloroplasts, (c) a thin section of a single
chloroplast showing the cell wall, chloroplast envelope, starch granules, lipid (fat) droplets, grana
(stack of thylakoids), and thylakoids.

3. Discussion

This study identified significant variations in chlorophyll content, assessed through the SVI, and
chlorophyll/carotenoid concentrations per leaf area, across diverse factors such as genotype diversity,
greenness categories, and leaf disk positions. The findings revealed strong associations between SVI,
chlorophyll ratios, total chlorophyll, carotenoid concentrations, and genotype variation, indicating
distinct sesame genotypes with varying chlorophyll levels. These variations likely stem from genetic
differences influencing chlorophyll production and synthesis pathways. Understanding genotype-
specific chlorophyll variations is crucial for selecting genotypes aligned with specific objectives, such
as higher chlorophyll extraction or other desired traits. Furthermore, the categorization of sesame
genotypes into DG, MG, and LG groups based on their greenness showed the substantial influence
of visual leaf appearance on chlorophyll content measured as SVI, chlorophyll and carotenoid
concentration. DG plants showed the highest chlorophyll content, MD plants exhibit intermediate
chlorophyll content, and LG plants showed the lowest chlorophyll content. This significance
variation suggesting that DG plants have significantly higher chlorophyll content on average
followed by the MG category while the LG category has the lowest mean chlorophyll content
indicating that plants in this category exhibit significantly lower chlorophyll content values
compared to the other two groups. This variation has practical implications that a rapid estimates of
chlorophyll content can be made by visually assessing leaf greenness. This can be particularly
advantageous for applications in large-scale agriculture and plant breeding initiatives, eliminating
the need for sophisticated equipment. Additionally, the study indicated further variance within the
DG, MG, and LG categories. For example, some genotypes within the deep green category exhibited
higher chlorophyll content than others. This variation may be attributed to genetic factors [33] ,
environmental conditions [3,34], or specific growth-related elements associated with each genotype
[35].
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Interestingly, the study exhibited a similar pattern between the concentration of carotenoids and
chlorophyll across all factors, including genotypes, greenness categories, and leaf disk positions. This
alignment with previous research, which established a positive correlation between total carotenoids
and chlorophyll in cauliflower [36], suggests a consistent relationship between these pigments. In the
context of sesame genotypes which is grown in warm and tropical regions with high temperatures,
the higher levels of carotenoids in deep green sesame genotypes compared to light ones can be
attributed to the plant’s adaptation to its environment which are characterized by often receive
abundant, high-intensity sunlight [37]. Studies indicated that carotenoids serve as a photo-protective
mechanism, dissipating excess light energy as heat, thus safeguarding the photosynthetic apparatus
[37,38]. Consequently, deep green sesame genotypes, which were characterized by higher
chlorophyll concentrations in this study, may have evolved to excel in these conditions by producing
more carotenoids. Moreover, high temperatures can lead to oxidative stress in plants due to increased
production of reactive oxygen species (ROS) and carotenoids were reported possessing antioxidant
properties, enabling them to effectively mitigate this stress [38,39]. This suggests that deep green
sesame genotypes, with their higher carotenoid levels, could be better equipped to cope with
temperature-related stress. The observed correlation between carotenoid and chlorophyll
concentrations in sesame leaves in general, suggested that sesame plants in warm and tropical
regions could be adapted to their environment by producing greater amounts of carotenoids. These
carotenoids serve dual purposes, acting as both photo-protective agents and antioxidants, ultimately
contributing to the plant’s resilience in high-temperature and high-light conditions.

Regarding the leaf disk position, the SVI and the pigment concentration measurements reveal
substantial variations across different leaf disk positions within the sesame leaves. These results
indicate a clear and distinct chlorophyll gradient along the leaf blade. These findings underscore the
critical importance of considering leaf disk positioning when assessing chlorophyll content in sesame
genotypes, as it profoundly affects the recorded measurements. Our results is consistent with
previous studies in various crops including wheat [40], maize [41,42] and rice [42,43] that indicated
chlorophyll was not evenly distributed along the leaf blade. In this study, specifically, the leaf tip
exhibits the highest chlorophyll content, followed by the 75.00% position and the middle position,
while the 50% and 25.00% position displays intermediate chlorophyll content, and the leaf base has
the lowest chlorophyll content. The observed variations in chlorophyll content can be attributed to
several factors, including differences in light exposure, nutrient distribution, leaf age, and
physiological factors [35,44-46]. The leaf tip may received more direct sunlight, which stimulates
greater chlorophyll production for photosynthesis compared to other positions while the relatively
older portion nearer to the base tend to have lower chlorophyll content due to reduced chlorophyll
production with leaf maturity [47]. Variations may also arise from differences in nutrient distribution
within the leaf, with the base receiving fewer nutrients, impacting chlorophyll production [35].
Furthermore, the leaf’s physiological characteristics, such as its ability to retain chlorophyll or
respond to environmental stress, can vary along the blade, contributing to differences in chlorophyll
content [35,47]. The study’s key conclusion in this regard is therefore, the existence of a significant
chlorophyll gradient along the sesame leaf blade, with the leaf tip to 75% portion of the leaf blade
having the highest chlorophyll content and the 25% to the base having the lowest. This gradient has
implications for various applications, including understanding the leaf’s photosynthetic efficiency
and identifying optimal positions for chlorophyll extraction. To ensure accurate and consistent
results in chlorophyll content analysis, it is vital to consider leaf disk position and establish
standardized protocols for positioning when conducting measurements, minimizing variations
caused by leaf position. For applications requiring higher chlorophyll extraction, focusing on leaf tips
and 75% position is recommended due to their consistently higher chlorophyll content.

The results obtained from the chlorophyll extraction experiment, which involved the
comparison of various solvents and procedures (Figure 8A-C); showed significant variations in Chla,
Chlb, and total chlorophyll content. These distinctions underscore the substantial impact of both
solvent choice and extraction methodology on the efficiency of chlorophyll extraction (Figure 8B).
Specifically, the most remarkable outcomes is achieved with DMSO incubated for 25 minutes at 65°C
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(DMSO) and 96% ethanol incubated for 10 minutes at 85°C (96%E85), which extracted significantly
higher levels of Chla, Chlb, and total chlorophyll content. It is worth noting that the first extraction
in both solvents proved to be the most effective, making a significant contribution to the total
chlorophyll content (Figure 8C). These findings are in accordance with previous research, which has
consistently demonstrated that DMSO and 96% ethanol are highly efficient solvents for chlorophyll
extraction [12,25,32]. Previous investigations have explored several methods for evaluating
chlorophyll content in higher plant leaves, and several studies have substantiated that chlorophylls,
which are lipid-soluble compounds found in plant tissues, can be effectively extracted using water-
miscible organic solvents [4,16,20-28].
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Figure 8. Comparative Analysis of Extraction Procedures:(A) Sesame leaves of different genotypes,
(B) Various extraction techniques with leaf disk positions, perforations, and leaf disk colors before
and after extraction for each method. Extraction methods include DMSO (DMSO), 96%E85 (96%
ethanol, 10 minutes at 85°C), 96%E_B (boiled leaf in 96% ethanol, 3 minutes at 85°C), 96%E_C (96%
ethanol, 24 hours at 40°C, the cold method), 75%ET (75% ethanol, 25 minutes at 65°C), and 96%E65
(96% ethanol, 25 minutes at 65°C), (C) Extractant yield from 1st, 2nd, and 3rd extraction cycles using
96% ethanol incubated at 85°C for 10 minutes.

However, consideration of various factors including, cost effectiveness, time, safety and
environmental regulations in the laboratory or research setting is also crucial when choosing an
appropriate solvent. In this context, ethanol emerges as a practical and efficient choice for routine
chlorophyll extraction, owing to its safety, cost-effectiveness, availability, and user-friendliness
[27,48-50]. This conclusion is reinforced by prior research that has highlighted the toxicity and
noxious odors associated with the DMSO method [30] and the sensitivity of DMSO extraction to
temperature fluctuations [31]. Additionally, ethanol has been reported to be a less harmful yet
efficient extraction solvent [32]. It is important to note that that while both solvents resulted in
comparable results, the use of 96% ethanol incubated for 10 minutes at 85°C (96%E85) simplifies the
process and ensures consistent results across experiments. Nevertheless, researchers should always
evaluate the specific requirements of their experiments and adhere to their lab safety protocols when
making a final decision.

The examination of leaf anatomy, specifically the internal structure of chloroplasts within
sesame leaves, gives valuable insights into their functions and adaptations. In this study, we
investigate into the anatomical variations between deep green and light green sesame leaves,
providing insight on how these differences impact chlorophyll content and distribution. Our
examination revealed significant anatomical variations in the internal structure of the leaves between
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deep green and light green sesame plants, primarily linked to chloroplast density and pigment-
producing structures. The deep green sesame leaves exhibit a high chloroplast density, well-
organized grana, abundant thylakoids, and numerous lipid droplets, all of which point to efficient
light capture and energy transfer during photosynthesis. Conversely, the light green leaves display
fewer and less densely stacked grana, reduced thylakoids, and smaller lipid droplets, indicating
lower photosynthetic efficiency. These findings supports earlier research, underlining that deep
green leaves excel in converting light energy into chemical energy, primarily due to their high
chloroplast density [51-54]. On the other hand, the light green leaves which were characterized by
lower chloroplast density, may be adapted to high-light environments as a strategy to reduce the risk
of photo-damage. They feature a loosely arranged mesophyll cell structure that enhances air
circulation, reducing the likelihood of overheating (Ren et al., 2019). This adaptation regulates the
amount of absorbed light. As a result, the variations in leaf anatomy [55] and tissue structure [56] can
influence pigment extraction from plants. This underscores the importance of using appropriate
extraction procedures and solvents for achieving optimal chlorophyll extraction in plants. Therefore,
having this knowledge is crucial in chlorophyll extraction studies, facilitating the optimization of
techniques for accurate chlorophyll quantification.

4. Materials and Methods

4.1. Selection of Sesame Genotypes and Pigment Groups

For this study, a total of 30 sesame (Sesamum indicum L) genotypes were precisely chosen,
representing three distinct pigment groups based on leaf coloration: light green (LG), middle green
(MG), and deep green (DG). Each pigment group comprised 10 genotypes, carefully selected from a
larger pool of sesame accessions cultivated in field experiments planted in a randomized complete
block design (RCBD) with three replications. These selected genotypes formed the core of our
investigation, which aimed to optimize SPAD value index measurements, quantify pigment
concentrations, explore different extraction solvents, and determine the most suitable leaf disk
positions for efficient chlorophyll extraction and quantification.

4.2. Measurement of SPAD Value Index (SVI)

To assess the SVI, we identified five plants situated in the middle of the second row for each
genotype which were planted in the RCBD field layouts. These selected plants were labeled and
subjected to SPAD value assessment using a SPAD meter (SPAD-502, Konica-Minolta, Japan). To
ensure the precision of our readings, we calculated the average of five measurements taken along
each leaf blade as marked in Figure 1. It is important to note that we specifically focused on fully
extended young leaves of similar size, all originating from the main stem of the five selected plants
at their 50% flowering stage, in order to obtain accurate measurements of photosynthetic pigments.

4.3. Comparative Chlorophyll Extraction Procedures

After measuring the SPAD value indices of the leaves, we conducted a comprehensive
comparative analysis that encompassed six distinct chlorophyll extraction methods. These methods
included both heated and cold assay techniques.

The heated assay procedures comprised the following five extraction techniques:

1. 75% Ethanol (75%ETHO) at 65°C for 25 minutes: Leaves were immersed in 75% ethanol and
incubated at a temperature of 65°C for 25 minutes.

2. Boiling in hot water followed by extraction with 96% Ethanol (96%ETHO) at 85°C for 3
minutes: Initially, leaves were boiled in hot water, after which they were extracted using 96% ethanol
at a temperature of 85°C for 3 minutes.

3.96% Ethanol (96%ETHO) at 65°C for 25 minutes: Leaves were directly subjected to extraction
using 96% ethanol at a temperature of 65°C for 25 minutes.

4. 96% Ethanol (96%ETHO) at 85°C for 10 minutes: Leaves were directly immersed in 96%
ethanol and incubated at a temperature of 85°C for a duration of 10 minutes.
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5. Dimethyl Sulfoxide (DMSO) at 65°C for 25 minutes: We employed a method utilizing
Dimethyl Sulfoxide (DMSO) for extraction, with incubation at a temperature of 65°C for 25 minutes.

Conversely, the cold assay approach involved the utilization of 96% Ethanol (96%ETHO)
extraction at a temperature of 4°C, with an extended incubation period of 24 hours.

To separately determine the content of Cha and Chy, fully extended young leaves of three plants
in the middle from the second row of each genotype were detached from the plant to extract
chlorophylls using a modified method described by [4]. The content of chlorophyll a and chlorophyll
b which are expressed as microgram (ug) of chlorophyll per leaf area (cm?). For each extraction
method used in this study, five circular leaf disks, each 15 mm in diameter, were punched from the
leaf portion for which the SPAD value indices had been measured, using a cork borer. Subsequently,
the leaves were rapidly frozen in liquid nitrogen and stored at -80°C in a deep freezer until the
extraction procedure commenced. During the heated assay techniques, the leaf disks were removed
from the deep freezer and promptly placed into 8 mL tubes. To each tube, 5 mL of the respective
organic solvent was added immediately. The tubes were then incubated in a hot water bath at the
specified temperature for the designated duration. In the boiling method, leaves were briefly dipped
into boiling water for 10 seconds and being placed on filter paper to remove excess water, after which
the organic solvents were added. For the cold assay techniques, following the immediate addition of
5 mL of the organic solvent (96%Etanol), each tube was wrapped in aluminum foil to shield it from
light and then incubated at 4°C in the dark for 24 hours.

4.4. Estimation of Chlorophyll Content

After the incubation period, spectrophotometer measurements were made by transferring 300
uL of sample into a 1-cm pathlength quartz cell and reading absorbance in a spectrophotometer with
a resolution of 1 nm bandwidth (UV-2550, Shimadzu, Kyoto, Japan). Light absorbance measurement
were made at 665 nm, 649 nm, and 470 nm, corresponding to the maximum absorption of chlorophyll
a (Chla), chlorophyll b (Chl), Chlorophyll total (Chla+) and carotenoids (Chlx+), respectively. We
employed the updated determined extinction coefficients and equations from [3,5,57] to calculate
specific pigment content with respect to the type of solvent used. The represented pigment contents
were expressed in units of ug (cm?)™, representing the amount of chlorophyll per unit area of the leaf.

For the Ethanol 96% (v/v) solvent, the concentrations of chlorophyll a, chlorophyll b, total
chlorophyll, as well as carotenoids, were calculated using the following equations:

Ethanol 96% solvent [3,5]. :

Chla =[13.95* A665 - 6.88 * A649] (1)
Chlb =[24.96 * A649 —7.32 * A665] (2)
Chla+b =[6.63 * A665 + 18.08 * A649] (3)
Chlx+c = (1000 * A470 - 2.05 * Chla - 114.8 * Chlb) / 245 4)
For DMSO (Dimethyl Sulphoxide) Solvent [57]:
Chla =[12.47 * A665 —3.62 * A649] (5)
Chlb = [25.06 * A649 - 6.5 * A665] (6)
Chlxc = (1000 * A480 —1.29 * Chla - 53.78 * Chlb) / 220 (7)

where A is the absorption at the referenced wavelength and chlorophylls a and b are summed to
obtain the total chlorophyll concentration. These analyses allowed us to accurately determine the
chlorophyll content in the leaves for each extraction method and solvent type used.
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4.5. Leaf Disk Position Determination procedures

After selecting the appropriate solvent and optimizing the chlorophyll extraction methods, we
proceeded to determine the positions of leaf disks. This was accomplished using a cork borer with a
15 mm diameter. We adhered to the criteria mentioned earlier, choosing young, fully extended leaves
without any visible damage or signs of disease from the tagged plants with measured SPAD value
indices. Each selected leaf was divided into five equal sections using a ruler, and the positions were
marked as follows: tip, 25%, 50%, 75%, and base (refer to Figure 1). This marking was done before
detaching the leaf from the plant. Beginning with one leaf, we carefully positioned the core borer over
the marked point along the leaf blade, which was placed on a clean, flat cutting board surface. The
cork borer was then pressed firmly and twisted slightly to create a clean circular leaf disk.
Subsequently, the leaf disk was removed and placed into a labeled tube. It was then rapidly frozen
using liquid nitrogen and stored at -80°C in a deep freezer until the extraction procedure was
initiated. This leaf disk punching process was repeated for each marked position on every leaf from
the tagged plants within the 30 genotypes. These genotypes were representative of three groups of
sesame genotypes: deep green, middle green and light green. Once all the leaf disks had been
punched, properly labeled, and stored in the deep freezer, we proceeded with the chlorophyll
extraction procedures using the recommended solvent, (96% ethanol incubated at 85°C for 10
minutes, following the methods described in the previous sections.

Figure 1. Leaf disk position marks.

4.6. Collection and Preparation of Sesame Samples for Electron Microscopy

Mature leaves from both deep green and light green sesame genotypes were carefully selected
for sampling, employing clean and sterilized tools to minimize contamination risks. To ensure a
representative sample set, multiple leaves were collected from various plants of each genotype.
During sample collection, great care was taken to handle the leaves gently, minimizing any potential
damage. Following collection, the leaves were rinsed with distilled water to remove any accumulated
dust and debris. Subsequently, excess moisture was gently blotted dry from the leaves using clean
paper towels. From each leaf, small sections measuring approximately 1 cm? were then carefully
excised using a sharp blade. These leaf sections were then placed into labeled sample containers and
stored in a cool, dry environment, shielded from direct sunlight. The samples were maintained at a
consistent temperature of 4°C to prevent any degradation of their structural integrity until they were
ready to be sent for electron microscopy analysis. For the microscopic analysis of leaf morphology,
Transmission Electron Microscopy (FEI Tecnai 20 Transmission Electron Microscopy) was utilized to
provide high-resolution imaging of the cellular structures within the sesame leaf samples.

4.7. Statistical analysis
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In this study, we utilized ANOVA (Analysis of variance) to compare the mean chlorophyll
values obtained using different extraction methods, assess differences in SPAD values among the 30
sesame genotypes selected for the study, examine variations in SPAD values among sesame
genotypes grouped by leaf coloration, and evaluate disparities in chlorophyll content based on the
position of the leaf disks sampled for analysis. Additionally, we employed the SNK (Student-
Newman-Keuls) test for post-hoc analysis to conduct pairwise comparisons between group means.
This allowed us to identify specific extraction methods, genotypes, greenness groups, or leaf disk
positions that exhibited statistically significant differences in chlorophyll content.

5. Conclusions

This study offers valuable insights into the optimization of chlorophyll extraction techniques
and the factors that influence chlorophyll content in sesame leaves. It underscores the significance of
factors such as genotype-specific variations, greenness categories, and leaf disk positions in
determining chlorophyll levels. The study places strong emphasis on the careful selection of
appropriate solvents for chlorophyll extraction. The findings of this study suggests considering the
pros and cons of various extraction solvents, aspects like safety, cost, and compliance with
environmental regulations. Remarkably, for routine chlorophyll extraction, ethanol stands out as a
recommended choice due to its practicality and efficiency. Additionally, for applications
necessitating higher chlorophyll extraction, a focus on leaf tips and the 75% position along the sesame
leaf blade is recommended. These positions consistently produce higher chlorophyll content and are
preferable for precise chlorophyll quantification. Maintaining consistency in positioning can
minimize variations attributed to leaf position, leading to results that are more reliable. Furthermore,
the examination of leaf anatomy highlights notable distinctions between deep green and light green
sesame leaves, underscoring the importance of employing suitable extraction procedures and
solvents. This knowledge is instrumental in optimizing techniques for chlorophyll extraction studies,
ultimately contributing to precise chlorophyll quantification and facilitating applications across
various fields.

Authors’ contributions: L W: M B and Y Z conceived and designed the paper; M B, J U, D L, and R Z, collected
the data; M B, J U, D Kand L W conducted the analyses; M B, J U, Y Z and K D drafted the paper and prepared
the Figures; LW, JY, Y Z, D L and R Z have revised the manuscript. All authors have read and approved the
final version Of the manuscript.

Funding: This research was funded by the Agricultural Science and Technology Innovation Program of Chinese
Academy of Agricultural Sciences (CAAS-ASTIP-2021-OCRI), China Agriculture Research System (CARS-14),
Hubei International Science and Technology Cooperation Project (2022EHB034), The Science and Technology
Innovation Project of Hubei province (2021-620-000-001-035), The Fundamental Research Funds for Central Non-
profit Scientific Institution (2023) and the National Center for Crops Germplasm Resources(NCCGR-2023-016).

Conflict of interests: The authors declare that they have no competing interests

References

1.  Rajalakshmi, K. and N. Banu, Extraction and estimation of chlorophyll from medicinal plants. International
Journal of Science and Research, 2015. 4(11): p. 209-212.

2. Aminot, A. and F. Rey, Standard procedure for the determination of chlorophyll a by spectroscopic methods.
International Council for the Exploration of the Sea, 2000. 112: p. 25.

3. Lichtenthaler, HK., [34] Chlorophylls and carotenoids: pigments of photosynthetic biomembranes, in
Methods in enzymology. 1987, Elsevier. p. 350-382.

4. Armon, DI, Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant
physiology, 1949. 24(1): p. 1.

5. Lichtenthaler, H.K. and C. Buschmann, Chlorophylls and carotenoids: Measurement and characterization by UV-
VIS spectroscopy. Current protocols in food analytical chemistry, 2001. 1(1): p. F4. 3.1-F4. 3.8.

6. Bedigian, D., Sesame: the genus Sesamum. 2010: CRC press.

7.  Berhe, M, et al., Genome-wide association study and its applications in the non-model crop Sesamum
indicum. BMC Plant Biology, 2021. 21(1): p. 283.

8.  Arslan, C, et al,, Determination of oil content and fatty acid composition of sesame mutants suited for
intensive management conditions. Journal of the American Oil Chemists’ Society, 2007. 84: p. 917-920.


https://doi.org/10.20944/preprints202405.0147.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 May 2024

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

17

Lee, J., Y. Lee, and E. Choe, Effects of sesamol, sesamin, and sesamolin extracted from roasted sesame oil
on the thermal oxidation of methyl linoleate. LWT-Food Science and Technology, 2008. 41(10): p. 1871-1875.
Ashakumary, L., et al., Sesamin, a sesame lignan, is a potent inducer of hepatic fatty acid oxidation in the
rat. Metabolism, 1999. 48(10): p. 1303-1313.

Balasubramaniyan, P. and S. Palaniappan, Field crops: an overview. Principles and practices of agronomy.
Agrobios, India, 2001. 47.

Richardson, A.D., S.P. Duigan, and G.P. Berlyn, An evaluation of noninvasive methods to estimate foliar
chlorophyll content. New phytologist, 2002. 153(1): p. 185-194.

Woitke, M., et al., Chlorophyll fluorescence of submerged and floating leaves of the aquatic resurrection
plant Chamaegigas intrepidus. Functional Plant Biology, 2004. 31(1): p. 53-62.

Ouzounidou, G., The use of photoacoustic spectroscopy in assessing leaf photosynthesis under copper
stress: correlation of energy storage to photosystem II fluorescence parameters and redox change of P700.
Plant Science, 1996. 113(2): p. 229-237.

Schagerl, M. and C. Pichler, Pigment composition of freshwater charophyceae. Aquatic botany, 2000. 67(2): p.
117-129.

Porra, R, W. Thompson, and P. Kriedemann, Determination of accurate extinction coefficients and
simultaneous equations for assaying chlorophylls a and b extracted with four different solvents:
verification of the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochimica
et Biophysica Acta (BBA)-Bioenergetics, 1989. 975(3): p. 384-394.

J, PR, The chequered history of the development and use of simultaneous equations for the accurate
determination of chlorophylls a and b. Photosynthesis research, 2002. 73: p. 149-156.

Su, S., et al., Optimization of the method for chlorophyll extraction in aquatic plants. Journal of Freshwater
Ecology, 2010. 25(4): p. 531-538.

Zhang, J., C. Han, and Z. Liu, Absorption spectrum estimating rice chlorophyll concentration: preliminary
investigations. Journal of Plant Breeding and Crop Science, 2009. 1(5): p. 223-229.

Bacon, M. and M. Holden, Changes in chlorophylls resulting from various chemical and physical
treatments of leaves and leaf extracts. Phytochemistry, 1967. 6(2): p. 193-210.

Schertz, F.M., The extraction and separation of chlorophyll (a+ 3) carotin and xanthophyll in fresh green
leaves, preliminary to their quantitative determination. Plant physiology, 1928. 3(2): p. 211.

Hu, X., A. Tanaka, and R. Tanaka, Simple extraction methods that prevent the artifactual conversion of
chlorophyll to chlorophyllide during pigment isolation from leaf samples. Plant methods, 2013. 9: p. 1-13.

Moran, R. and D. Porath, Chlorophyll determination in intact tissues using N, N-dimethylformamide. Plant
physiology, 1980. 65(3): p. 478-479.

Shoaf, W.T. and B.W. Lium, Improved extraction of chlorophyll a and b from algae using dimethyl sulfoxide.
Limnology and oceanography, 1976. 21(6): p. 926-928.

Hiscox, J. and G. Israelstam, A method for the extraction of chlorophyll from leaf tissue without maceration.
Canadian journal of botany, 1979. 57(12): p. 1332-1334.

STRAIN, H.H. and W.A. SVEC, Extraction, separation, estimation, and isolation of the chlorophylls, in The
chlorophylls. 1966, Elsevier. p. 21-66.

Pépista, E., E. Acs, and B. Boddi, Chlorophyll-a determination with ethanol—a critical test. Hydrobiologia, 2002.
485: p. 191-198.

Sendergaard, M. and G. Bonde, Photosynthetic characteristics and pigment content and composition in
Littorella uniflora (L.) Aschers. in a depth gradient. Aquatic botany, 1988. 32(4): p. 307-319.

Aminot, A. and F. Rey, Chlorophyll a: Determination by spectroscopic methods. ICES Technignes in Marine
Environmental Sciences, 2001(30): p. 1-8.

Porra, R.J., The chequered history of the development and use of simultaneous equations for the accurate
determination of chlorophylls a and b. Photosynthesis research, 2002. 73: p. 149-156.

Tait, M.A. and D.S. Hik, Is dimethylsulfoxide a reliable solvent for extracting chlorophyll under field
conditions? Photosynthesis Research, 2003. 78: p. 87-91.

Wasmund, N., I. Topp, and D. Schories, Optimising the storage and extraction of chlorophyll samples.
Oceanologia, 2006. 48(1).

Doddavarapu, B., G.L. Crasta, and M. Shankar, Comparative studies on chlorophyll concentration in some
important plant families. Journal of Pharmacognosy and Phytochemistry, 2021. 10(3): p. 214-220.

Darsini, A., S. Shamshad, and M. Paul, The effect of air pollution on some biochemical factors of some plant species
growing in Hyderabad. International Journal of Pharma and Bio Sciences, 2015. 6(1).

Li, Y., et al.,, Variation in leaf chlorophyll concentration from tropical to cold-temperate forests: association
with gross primary productivity. Ecological Indicators, 2018. 85: p. 383-389.

Izadpanah, F., et al., Comparison of Carotenoid, Chlorophyll Concentrations and their Biosynthetic
Transcript Levels in Different Coloured Cauliflower (Brassica oleracea L. var. botrytis). Horticultural Plant
Journal, 2023.


https://doi.org/10.20944/preprints202405.0147.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 May 2024

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

18

Swapnil, P., et al., Vital roles of carotenoids in plants and humans to deteriorate stress with its structure,
biosynthesis, metabolic engineering and functional aspects. Current Plant Biology, 2021. 26: p. 100203.
Dall'Osto, L., R. Bassi, and A. Ruban, Photoprotective Mechanisms: Carotenoids, in Plastid Biology, S.M. Theg
and F.-A. Wollman, Editors. 2014, Springer New York: New York, NY. p. 393-435.

Havaux, M., et al, Thylakoid membrane stability to heat stress studied by flash spectroscopic
measurements of the electrochromic shift in intact potato leaves: influence of the xanthophyll content.
Plant, Cell & Environment, 1996. 19(12): p. 1359-1368.

Debaeke, P., P. Rouet, and E. Justes, Relationship between the normalized SPAD index and the nitrogen
nutrition index: application to durum wheat. Journal of plant nutrition, 2006. 29(1): p. 75-92.

Chapman, S.C. and H.J. Barreto, Using a chlorophyll meter to estimate specific leaf nitrogen of tropical
maize during vegetative growth. Agronomy Journal, 1997. 89(4): p. 557-562.

Vig, R, et al.,, Systematic measurement methods for the determination of the SPAD values of maize (Zea
mays L.) canopy and potato (Solanum tuberosum L.). Communications in soil science and plant analysis,
2012. 43(12): p. 1684-1693.

Yuan, Z., et al., Optimal leaf positions for SPAD meter measurement in rice. Frontiers in plant science, 2016. 7:
p- 719.

Brown, L.A., O. Williams, and ]J. Dash, Calibration and characterisation of four chlorophyll meters and
transmittance spectroscopy for non-destructive estimation of forest leaf chlorophyll concentration.
Agricultural and Forest Meteorology, 2022. 323: p. 109059.

Liu, C,, et al., Use of a leaf chlorophyll content index to improve the prediction of above-ground biomass
and productivity. Peer], 2019. 6: p. e6240.

Xia, L., et al.,, Dynamics of photosynthesis in Eichhornia crassipes Solms of Jiangsu of China and their
influencing factors. African Journal of Biotechnology, 2010. 9(43): p. 7302-7311.

Yang, H., et al., Effects of nitrogen application rate and leaf age on the distribution pattern of leaf SPAD
readings in the rice canopy. PloS one, 2014. 9(2): p. e88421.

Thompson, R., et al., Problems in extraction and spectrophotometric determination of chlorophyll from
epilithic microbial biofilms: towards a standard method. Journal of the Marine Biological Association of
the United Kingdom, 1999. 79(3): p. 551-558.

Halling-Serensen, B., Algal toxicity of antibacterial agents used in intensive farming. Chemosphere, 2000.
40(7): p. 731-739.

Kataura, K., et al., Characteristics of ethanol-extracted chlorophyll-related compounds from salted brown
seaweed, Konbu Laminaria japonica and its use on seasoning extractive of Konbu. Nippon Suisan
Gakkaishi, 2000. 66(1): p. 104-109.

Gu, L, et al,, Granal thylakoid structure and function: explaining an enduring mystery of higher plants.
New Phytologist, 2022. 236(2): p. 319-329.

Ren, T., SM. Weraduwage, and T.D. Sharkey, Prospects for enhancing leaf photosynthetic capacity by
manipulating mesophyll cell morphology. Journal of Experimental Botany, 2019. 70(4): p. 1153-1165.

Cackett, L., et al., Chloroplast development in green plant tissues: the interplay between light, hormone,
and transcriptional regulation. New Phytologist, 2022. 233(5): p. 2000-2016.

Finkeldey, R. and O. Gailing, Chloroplasts. Brenner’s Encyclopedia of Genetics, 2013.

Nikolopoulos, D., et al., Leaf anatomy affects the extraction of photosynthetic pigments by DMSO. Talanta,
2008. 76(5): p. 1265-1268.

Shinano, T., et al., Dimethylsulfoxide method for the extraction of chlorophylls a and b from the leaves of
wheat, field bean, dwarf bamboo, and oak. Photosynthetica, 1996. 32(3): p. 409-415.

Wellburn, A.R., The spectral determination of chlorophylls a and b, as well as total carotenoids, using
various solvents with spectrophotometers of different resolution. Journal of plant physiology, 1994. 144(3):
p. 307-313.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202405.0147.v1

