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Abstract: Photosynthetic pigment ratios are important physiological indicators of the structural and functional 
arrangement of the photosynthetic apparatus, indicating the relationship between light capture and photoprotective 
processes.  The present study evaluated the chlorophyll a/b and total chlorophyll/carotenoid ratios in thirteen bread 
spring wheat (Triticum aestivum L.) cultivars developed through the Saratov breeding program under controlled 
conditions. The biological replicate dataset used here was previously reported in a concentration-based study; the 
present study specifically evaluates derived pigment ratios and their multivariate patterns. Photosynthetic pigment 
ratios were calculated from pigment concentration data obtained from four biological replicates per cultivar. Data were 
subjected to Welch’s ANOVA, Pearson correlation, PCA, and HCA. Values of the chlorophyll a/b ratio varied between 
2.47 and 3.33, whereas the total chlorophyll/carotenoids ratio ranged from 3.41 to 4.14, with cultivar differences not 
reaching significance (p > 0.05). The PCA based on the original pigment concentrations showed that PC1 explained 
87.2% of the variation, with strong positive contributions from chlorophyll a, chlorophyll b, and carotenoids. HCA 
grouped the cultivars into three clusters according to similarities in their photosynthetic pigment profiles. Overall, the 
results showed that the photosynthetic pigment ratios remained within a narrow range under the controlled conditions 
tested, indicating limited variation in pigment-ratio characteristics among the studied cultivars.

Keywords: Triticum aestivum L., Chlorophyll a/b Ratio, Total Chlorophyll/Carotenoids Ratio, Principal Component 
Analysis, Spring Wheat Cultivars, Pigment Ratios.

1.    INTRODUCTION

Among cereal crops, wheat is regarded as one of 
the major species and constitutes a primary food 
source for a large share of the world’s population 
[1]. The photosynthetic pigment composition 
within chloroplasts and the proportion of each 
of these pigments affect the efficiency of the 
photosynthetic process [2, 3]. Light capture in 
plants is primarily mediated by chlorophylls a and 

b, whereas carotenoids have two main functions, 
as they act as accessory pigments by capturing 
blue and green light wavelengths and transferring 
the excited energy to chlorophyll molecules, and 
they also protect the photosynthetic system against 
excessive light by dissipating surplus energy and 
reducing oxidative damage; the coordinated balance 
among these pigments is considered necessary for 
maintaining the efficiency of the photosynthetic 
process and photoprotection [4, 5].
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The ratio of chlorophyll a/b may serve 
as a measure of structural organization of the 
photosynthetic apparatus and the extent of plant 
adaptation to light intensity [6, 7]. Plant adaptation 
to high-light environments is associated with 
high values of this ratio [5-7]. Likewise, the ratio 
of total chlorophyll to carotenoids represents the 
balance between the capacity for light absorption 
and photoprotection [2, 8]. Changes in these ratios 
may provide additional information on relative 
pigment relationships that is not readily apparent 
from absolute pigment concentrations alone [9, 10]. 
Therefore, photosynthetic pigment ratios may serve 
as indirect physiological indicators associated with 
the functional organization of the photosynthetic 
apparatus and may contribute to characterizing 
physiological differences among different plant 
genotypes [6, 8, 11].

Although the concentrations of photosynthetic 
pigments in spring bread wheat developed through 
the Saratov breeding program have been studied 
previously, the two ratios, namely chlorophyll 
a/b and total chlorophyll/carotenoids, were not 
evaluated in our previous study of these cultivars 
[12]. In that study, we examined the concentrations 
of chlorophyll a, chlorophyll b, carotenoids, and 
total chlorophyll, together with their correlations 
among the studied cultivars. Because these ratios 
are mathematically derived from the previously 
measured pigment concentrations, they do not 
represent independent biological measurements; 
rather, they provide a complementary description 
of the relative relationships among pigment 
components. This ratio-based representation allows 
the relative balance between chlorophyll forms and 
between total chlorophyll and carotenoids to be 
examined as specific outcome variables, which was 
not the focus of the previous concentration-based 
study. In contrast, the present study uses the same 
biological replicate dataset to derive and evaluate 
the ratios of chlorophyll a/b and total chlorophyll 
to carotenoids, which were not analyzed in 
the previous study. In contrast to the previous 
concentration-based analysis, the present study 
evaluates the derived pigment ratios using Welch’s 
ANOVA, Pearson correlation, PCA and hierarchical 
clustering (HCA) to describe ratio-based variation 
and multivariate patterns among the cultivars. Thus, 
the present work represents a distinct ratio-based 
analysis of the previously generated pigment dataset 
rather than a repetition of the previously reported 

concentration-based analysis. The cultivars selected 
for this study carry Lr resistance genes against 
Puccinia triticina Eriks [13]. These cultivars were 
developed through the Saratov breeding program 
[14, 15]. Evaluating photosynthetic pigment ratios 
under controlled environmental conditions may 
provide complementary information about the 
relative relationships among pigment components 
[10, 11]. In addition, multivariate statistical 
approaches are widely used to reveal relationships 
and patterns of association among cultivars based 
on their physiological characteristics [16-18].

Accordingly, the present study sought to 
examine the ratios of chlorophyll a to b and total 
chlorophyll to carotenoids in genetically distinct 
spring bread wheat cultivars carrying different 
chromosomal introgressions and leaf rust resistance 
(Lr) genes. It also aimed to characterize their 
physiological relationships and variation under 
homogeneous controlled environmental conditions 
using correlation and multivariate analyses, to 
provide a more comprehensive understanding of 
the physiological variation among the cultivars.

2.    MATERIALS AND METHODS

2.1. Plant Material

The study included a set of genetically diverse 
spring bread wheat (Triticum aestivum L.) cultivars 
originating from the Saratov breeding program. 
The cultivars were developed by the Laboratory 
of Soft Wheat the South-East Research Institute 
of Agriculture (FGBNU “FANC South-East”) 
and included genotypes carrying different alien 
chromosomal introgressions and leaf rust resistance 
(Lr) genes [14, 15]. The study included the cultivars: 
L503, L503 Lr19+Lr26, L505, L505 656/11, 
Belyanka, Dobrynya, Dobrynya Lr19+Lr37, 
Favorit, Voevoda, Lebedushka, Alexandrit, 
Prokhorovka, and YuV-2. These cultivars 
represented diverse spring wheat germplasm and 
were selected for physiological evaluation under 
identical controlled growth conditions.

2.2. Calculation of Photosynthetic Pigment 
       Ratios

The photosynthetic pigment concentration data 
used for the present analyses were generated in 
our previous study [12]. The original biological 

2	 Aljozary et al



ACCEPTED MANUSCRIPT

replicate data were used to calculate the ratio of 
chlorophyll a to b, together with the ratio of total 
chlorophyll to carotenoids, for each biological 
replicate. Four independent biological replicates 
were available for each cultivar, with each replicate 
representing an independently sampled plant. Each 
biological replicate was treated as the experimental 
unit for the analyses conducted at the replicate 
level. These ratios were used for all subsequent 
statistical analyses. The original experiment was 
conducted under controlled growth conditions at 
18 °C, with a 16 h light and 8 h dark cycle and a 
light intensity of 5000 lux; relative humidity was 
maintained at approximately 40–60%. Samples 
were obtained when the plants reached the three-
leaf stage (BBCH 13), using the first two leaves that 
were fully expanded, with four biological replicates 
per cultivar. For pigment extraction, 0.07–0.08 g of 
fresh leaf material was subjected to extraction using 
2–4 mL of 100% acetone, followed by filtration 
and adjustment to a total volume of 25 mL. 
Pigment absorbance measurements were obtained 
spectrophotometrically at 662, 644, and 470 nm, as 
described in our previous study [12].

2.3. Statistical Analysis

Results are reported as mean ± standard deviation 
(SD). Before statistical analysis, normality and 
homogeneity of variance were evaluated using the 
Shapiro–Wilk and Levene’s tests, respectively [19, 
20]. As homogeneity of variance was not satisfied, 
differences in pigment ratios among the studied 
cultivars were evaluated using Welch’s analysis of 
variance (Welch’s ANOVA) [21], followed by the 
Games–Howell post-hoc procedure for pairwise 
comparisons. Pearson’s correlation analysis was 
used to examine associations among the studied 
pigment traits. Correlation analysis was performed 
at two analytical levels: individual biological 
replicates (n = 52) to assess replicate-level 
associations across cultivars, and cultivar mean 
values (n = 13) to assess associations at the cultivar 
level. In contrast, PCA and HCA were performed 
using the mean values for each cultivar. For PCA, 
chlorophyll a, chlorophyll b, and carotenoids 
were used as the original pigment concentrations 
to avoid redundancy among mathematically 
derived variables.  Hierarchical cluster analysis 
was conducted on standardized chlorophyll a, 
chlorophyll b, and carotenoid concentrations, with 
Euclidean distance and Ward.D2 linkage applied. 

All statistical analyses were performed using 
Jamovi (version 2.7.38).

3.    RESULTS AND DISCUSSION

The analysis of photosynthetic pigment ratios 
displayed only limited variation across spring wheat 
cultivars under controlled laboratory conditions. 
The assumption tests indicated that the chlorophyll 
a/b ratio did not significantly depart from normality 
(Shapiro–Wilk W = 0.967, p = 0.155), whereas the 
total chlorophyll-to-carotenoid ratio exhibited a 
significant departure from normality (W = 0.952, p 
= 0.035). Levene’s test indicated unequal variances 
for both the chlorophyll a/b ratio (F = 2.65, p = 
0.011) and the total chlorophyll-to-carotenoid ratio 
(F = 2.24, p = 0.029). Therefore, Welch’s ANOVA 
was applied to address unequal variances, with the 
Games–Howell test used for pairwise comparisons.

3.1. Chlorophyll a/b Ratio

The greatest mean value for the chlorophyll a/b 
ratio was found in the cultivar Voevoda (3.33 ± 
0.14), whereas the lowest ratio was recorded in the 
cultivars Alexandrit (2.47 ± 0.70) and L505 (2.47 
± 0.72) (Figure 1). Despite this slight variation, 
Welch’s ANOVA indicated no statistically 
significant difference (p = 0.417; Table 1).

The observed variation in the chlorophyll a/b 
ratio may reflect cultivar-related variation [22, 23]. 
The chlorophyll a/b ratio is broadly recognized as 
a useful physiological measure of the structural 
arrangement of the photosynthetic apparatus, as 
it reflects the relative allocation of chlorophyll 
between the photosynthetic reaction centers and 
the light-harvesting antenna system rather than 
simply the total pigment content [6, 24]. The lack 
of significant differences among the cultivars 
indicated that the chlorophyll a/b ratio remained 
relatively stable under the standardized laboratory 
conditions used in the present study.

Parameter F Welch P value 

Chl. a/b 1.11 0.417

Total Chl./Caro. 1.87 0.126

Table 1. Welch's ANOVA results for pigment ratios 
among spring wheat cultivars.
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3.2. Total Chlorophyll to Carotenoids Ratio

The total chlorophyll/carotenoids ratio showed 
variation within narrow limits. The highest mean 
value was recorded in the cultivars Belyanka (4.14 
± 0.61) and L505 (4.08 ± 0.72). In contrast, the 
lowest mean value was observed for the cultivar 
YuV-2 (3.41 ± 0.16) (Figure 2). Welch’s ANOVA 
indicated that no statistically significant differences 
were detected (p = 0.126; Table 1). This limited 
variation among the cultivars indicates that the total 
chlorophyll/carotenoids ratio remained relatively 
stable under standardized laboratory conditions. 

The observed variation was small and did not reach 
statistical significance.

The relative stability of the total chlorophyll/
carotenoids ratio may reflect a relatively stable 
relationship between chlorophyll and carotenoid 
concentrations under the studied conditions 
[4]. Although cultivars such as YuV-2 showed 
slightly lower total chlorophyll/carotenoids ratios, 
suggesting a higher proportion of carotenoids, 
the differences observed were not statistically 
significant. The overall stability of this ratio 
indicates that pigment composition remained 

Fig. 1. Chlorophyll a/b ratio in spring wheat cultivars (mean ± SD).

Fig. 2. Total chlorophyll/carotenoids ratio in spring wheat cultivars (mean ± SD).
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relatively consistent among the studied cultivars 
under favorable growth conditions.

3.3. Correlation Analysis

Pearson correlation analysis (Table 2) based on 
individual biological observations (n = 52) revealed 
several strong correlations among the measured 
pigment concentrations. Correlations among the 
original pigment concentrations were considered 
in the biological interpretation, including those 
involving chlorophyll a, chlorophyll b, total 
chlorophyll, and carotenoids. Correlations 
involving the derived pigment ratios and their 
component variables were not interpreted as 
independent biological associations because 
these relationships are partly determined by the 
mathematical construction of the ratios.

Correlation analysis (Table 3) based on cultivar 
mean values (n = 13) showed several patterns 
that were consistent with those obtained from the 
individual observations. These results provided 
an additional assessment of the relationships 
among the pigment traits at the cultivar level. For 
biological interpretation at the cultivar level, the 
correlation analysis based on cultivar mean values 
was considered the primary analysis, whereas 
the replicate-level analysis was used to describe 
associations across individual observations.

Overall, the correlation analysis indicated 
consistent relationships among the original pigment 
concentrations across individual observations and 
cultivar means. Correlations involving derived 
pigment ratios were interpreted cautiously because 
of their inherent mathematical relationships with 
the variables used to calculate them.

Parameter Chl. a Chl. b Total Chl. Carotenoids Chl. a/b Total Chl./Caro
Chl. a
p-value

1 0.725 (<0.001) 0.963
(<0.001)

0.887
(<0.001)

−0.197
(0.161)

0.469
(<0.001)

Chl. b
p-value

1 0.884
(<0.001)

0.631
(<0.001)

−0.773
(<0.001)

0.693
(<0.001)

Total Chl.
p-value

1 0.849
(<0.001)

−0.437
(0.001)

0.589
(<0.001)

Carotenoids
p-value

1 −0.177
(0.209)

0.083
(0.560)

Chl. a/b
p-value

1 −0.559
(<0.001)

Total Chl./Caro 1

Table 2. Pearson's r coefficients and corresponding p-values based on individual biological observations (n = 52).

Parameter Chl. a Chl. b Total Chl. Carotenoids Chl. a/b Total Chl./Caro
Chl. a
p-value

1 0.725
(0.005)

0.966
(<0.001)

0.951
(<0.001)

−0.134
(0.662)

0.637
(0.019)

Chl. b
p-value

1 0.879
(<0.001)

0.740
(0.004)

−0.768
(0.002)

0.816
(<0.001)

Total Chl.
p-value

1 0.937
(<0.001)

−0.383
(0.196)

0.749
(0.003)

Carotenoids
p-value

1 −0.184
(0.547)

0.471
(0.104)

Chl. a/b
p-value

1 −0.624
(0.023)

Total Chl./Caro 1

Table 3. Pearson’s r coefficients and corresponding p-values based on cultivar mean values (n = 13).
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3.4. Principal Component Analysis (PCA)

The PCA was based on three original photosynthetic 
pigment traits, namely chlorophyll a, chlorophyll 
b, and carotenoid concentrations, measured across 
thirteen spring wheat cultivars to explore the major 
patterns of variation among the cultivars [25, 26]. 
The analysis identified one major component with 
an eigenvalue exceeding 1, accounting for 87.2% of 
the overall variation. PC1 explained 87.2% of the 
variation (eigenvalue = 2.62). 

The scree plot (Figure 3) illustrated the 
eigenvalues of the principal components and 
supported the retention of PC1, which was the only 
component with an eigenvalue greater than 1 [26, 
27]. PC1 was strongly influenced by carotenoid, 
chlorophyll a, and chlorophyll b concentrations, 
with positive loadings of 0.965, 0.960, and 0.873, 
respectively. Because the pigment ratios and total 
chlorophyll were derived from the measured 
pigment concentrations, they were not included in 
this PCA to avoid redundancy among the variables. 
These results indicate that the multivariate pattern 
among cultivars was mainly associated with 
variation in the original pigment concentrations. 

3.5. Hierarchical Cluster Analysis (HCA)

The HCA was conducted using standardized 
photosynthetic traits, with Euclidean distance and 
the Ward.D2 clustering method. This analysis 
divided the thirteen cultivars into three clusters 
according to their photosynthetic pigment 
characteristics (Figure 4).

The first cluster included three cultivars, 
namely Voevoda, L505, and Belyanka, which were 
grouped together based on their photosynthetic 
pigment profiles. The second cluster included 
L505 656/11, Prokhorovka, and Favorit, whereas 
the third cluster included the remaining seven 
cultivars, namely L503, YuV-2, L503 Lr19+L26, 
Dobrynya, Alexandrit, Dobrynya Lr19+L37, and 
Lebedushka. This grouping reflected similarities 
and differences in the multivariate patterns of 
pigment concentrations among the studied cultivars.
This pattern was broadly consistent with the 
PCA results, which also showed variation among 
cultivars based on their photosynthetic pigment 
profiles. The heatmap representation illustrated the 
relationships among the cultivars and the pigment 
variables. The clustering pattern also reflected 
similarities in the original photosynthetic pigment 
concentrations among the studied cultivars. 
This analysis was consistent with the principal 
component analysis, indicating that the studied 
cultivars share similar photosynthetic pigment 
profiles, while showing variation among cultivars 
under controlled conditions. Although three clusters 
were identified, the clustering pattern indicated that 
the cultivars were grouped according to similarities 
in their pigment concentrations under the studied 
conditions.

3.6. Overall Interpretation

Although slight variation in photosynthetic pigment 
ratios was observed among the cultivars, these ratios 

Fig. 3. Scree plot of eigenvalues from principal 
component analysis based on chlorophyll a, chlorophyll 
b, and carotenoid concentrations.

Fig. 4. Heatmap and hierarchical clustering of spring 
wheat cultivars based on standardized chlorophyll a, 
chlorophyll b, and carotenoid concentrations. Euclidean 
distance and Ward.D2 clustering were used.
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remained within a narrow range under controlled 
conditions. Statistically significant differences were 
not observed in the pigment ratios, indicating that the 
relative pigment balance remained relatively stable 
under controlled laboratory conditions. The present 
findings agree with earlier studies demonstrating 
the stability of photosynthetic pigment ratios 
under favorable growth conditions [6, 28]. Earlier 
research has demonstrated that wheat genotypes 
can vary in their physiological and photosynthetic 
responses to drought and heat stress [17, 18]. The 
main contribution of the present re-analysis is 
the characterization of the relative relationships 
between chlorophyll a and chlorophyll b, and 
between total chlorophyll and carotenoids, under the 
specific controlled conditions tested. These ratios 
provide a complementary description of pigment 
composition based on the previously reported 
pigment concentration data. However, neither 
ratio showed statistically significant differences 
among cultivars (chlorophyll a/b, p = 0.417; total 
chlorophyll/carotenoids, p = 0.126). Therefore, the 
present findings characterize pigment-ratio patterns 
under the tested conditions but do not establish 
genotype-dependent physiological effects.

4.    CONCLUSIONS

This investigation demonstrated that the measured 
pigment ratios in spring wheat cultivars from the 
Saratov breeding program and maintained under 
controlled laboratory conditions varied only within 
a narrow range. Although slight variation in the 
chlorophyll a-to-b ratio was observed among 
cultivars, the differences were not statistically 
significant (p = 0.417).

The total chlorophyll-to-carotenoid ratio also 
exhibited limited variation, with no statistically 
significant differences among cultivars (p = 0.126). 
The relative relationships among photosynthetic 
pigments remained relatively consistent under the 
studied conditions. Under non-stress conditions, 
this pigment balance may reflect a relatively stable 
organization of photosynthetic pigments. In general, 
the results indicate that pigment ratios showed 
relatively limited variation under the studied 
conditions. The present findings provide a baseline 
for photosynthetic pigment-ratio characteristics 
under the controlled conditions tested and may 
serve as a reference for future studies investigating 
cultivar responses under environmental stress.
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