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In recent years, tissue cultures have become a tool 
used for plant propagation, commonly employed in 
horticultural production around the world. Microprop-
agation has found application in the protection of bio-
diversity (protection of genetic resources of rare, en-
dangered or valuable species), production of virus-free 
material and research on the genetic transformation of 
plants Thanks to the in vitro method, it is also possible 
to study the developmental cycle of a given species, its 
breeding biology and nutritional requirements [Ticha 
et al. 1998, Rybczyński and Mikuła 2006]. 

Due to the special conditions prevailing in in vitro 
cultures: high humidity, low irradiance, limited gas 
exchange, the presence of sugars at high concentra-
tions and growth regulators in the medium, plants may 
exhibit abnormal morphology, anatomy and physiol-
ogy [Valero-Aracama et al. 2006]. This is often the 
cause of problems during plant acclimatization after 
transfer to ex vitro conditions [Borkowska 2001, Po-
spísilová et al. 2007]. Many papers have reported on 
the influence of culture conditions (e.g. presence of 
sugars, light intensity) on the concentration of pig-
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ABSTRACT

An image analysis method based on RGB features for rapid estimation of the chlorophyll content of leaves 
of micropropagated strawberry plants (2 cultivars) was presented in the study. An algorithm describing the 
relationship between the absolute values of chlorophyll content and the colour components of a leaf image 
captured with a conventional scanner was developed and tested. The accuracy of the proposed method was 
compared with that of an optical greenness meters designed for assessing leaf chlorophyll content. The chlo-
rophyll content in the strawberry leaves was correlated with the results of measurements recorded by the two 
optical meters (SPAD-502, CCM-200) and with RGB values of scans of these leaves. The highest values 
of correlation coefficients were obtained between the chemical analysis results and mean values of the red 
colour (R) of the scans. However, varietal differences were evident here, which indicates the need for indi-
vidual calibrations. In the case of the green colour (G), the accuracy was slightly lower; however, no varietal 
differences were found, thus one calibration can be used for both cultivars. Three formulas: (R–G)/(R+G), 
(R–G)/(R+G+B), and R/(R+G+B) were selected and their relationship with the changes in chlorophyll con-
tent was tested. These variables did not explain the changes in chlorophyll content better than the variable R. 
The study confirmed the possibility of using the image capture method for the detection of chlorophyll status 
in strawberry plantlets cultured in vitro. 
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ments, photosynthetic activity and growth [Tichá et al. 
1998, Valero-Aracama et al. 2006]. According to some 
authors, the physiological state of micropropagated 
shoots is of crucial importance for the progress of 
their development (multiplication, rooting) and accli-
matization after the transfer of micropropagated plants 
to natural conditions [Magyar-Tábori et al. 2011]. An 
improvement in the parameters related to photosyn-
thesis, such as chlorophyll content or the structure of 
stomata, may increase the survival of plants in ex vitro 
conditions [Van Huylenbroeck et al. 2000, Pospísilová 
et al.  2007].

The environmental conditions inside the culture 
container cannot be controlled directly; they are regu-
lated by modifying the parameters on the outside of the 
container and by the development of the micro-plant 
itself. It is important to understand the relationships 
between culture conditions, growth and physiological 
state of shoots in order to optimize the micropropaga-
tion conditions. Assessment of the physiological state 
of micropropagated shoots can help to understand 
these relationships.

Analysis of the physiological state of micro-plants, 
in particular assessment of the activity of the photo-
synthetic apparatus during in vitro culture, has been 
the subject of some research work [Van Huyelenbro-
eck et al. 2000]. Shoots propagated in vitro are po-
tentially capable of developing a functioning photo-
synthetic apparatus [Arigita et al. 2002]; however, 
the unique conditions cause technical problems with 
the measurement of photosynthesis by means of gas 
exchange analysis. Attempts to assess the function-
ality of the photosynthetic apparatus with the use of 
chlorophyll a fluorescence have been more frequent 
[Borkowska 2001]; however, using this method is not 
easy and can be burdened with measurement errors 
due to the small leaf area making measurements diffi-
cult [Ibaraki and Matsumura 2005]. For these reasons, 
simple methods suited for micropropagated plants are 
needed to be developed.

Assimilatory pigments are some of the most im-
portant chemical compounds in a plant that influence 
the rate of photosynthesis and biomass production. An 
assessment of the chlorophyll content of tissues can 
provide useful information about the physiological 
state of shoots during micropropagation. Normally, 
the chlorophyll content is measured by spectrophoto-

metric and chromatographic methods. These methods 
are expensive and often time and labour-intensive. 
Several indirect, optical methods for determining fo-
liar chlorophyll status have become available in the 
last decade, and portable leaf greenness meters have 
become popular in agricultural studies and crop pro-
duction systems (e.g. SPAD-502, CCM-200) [Uddlin-
ng et al. 2007, Pagola et al. 2009, Treder et al. 2016]. 
As reported in many papers, the relationship between 
relative chlorophyll values (measured with optical me-
ters) and absolute chlorophyll content is variable and 
depends on the plant species and cultivar, and may be 
influenced by environmental and measurement con-
ditions, and therefore must be standardized for these 
parameters [Treder and Cieśliński 2003].

The chlorophyll content in the leaves can also be 
determined by analysing the distribution of colour 
components of the image of a single leaf or group of 
plants [Spomer et al. 1988, Mohan and Dutta Gupta 
2019]. Any colour can be decomposed into the three 
primary components (red, green, and blue), and the 
determination of colour component values can be per-
formed in a digital image [Yadav et al. 2010, Treder 
et al. 2016]. Taking this into consideration, there is 
a possibility to develop mathematical models to de-
scribe the relationship between leaf chlorophyll con-
tent and the distribution of colour components of leaf 
blade surface. Such approach was tested on several 
crop species [Özreçberoğlu and Kahramanoğlu 2020, 
Kahramanoğlu et al. 2021]. Kahramanoğlu and coau-
thors [2021] found that the analysis of RGB values 
obtained by using contact imaging is a useful tool for 
quick estimation of the chlorophyll contents of straw-
berry leaves. 

In the recent years artificial neural network 
(ANN) technique has been applied to estimate chlo-
rophyll content of plants. This technique can identify 
and learn from correlated patterns between input data 
sets and corresponding target values, even when the 
underlying data relationship is unknown [Odabas et 
al. 2017 a]. The study performed by Caliskan and coau-
thors [2020] demonstrated that the ANN could be used 
to predict the chlorophyll level of sugar beet by analyz-
ing leaf images using the image-processing techniques 
with reasonable accuracy. A similar approach was ap-
plied by Odabas and coauthors [2017 a, b] on lettuce 
and some medicinal and aromatic plants.
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Plant leaf colour analysis has been applied in agri-
culture in managing plant nutrition (determination of 
nitrogen content in leaves), assessing water availabil-
ity, plant disease identification, and analysis of senes-
cence [Dutta Gupta et al. 2013, Treder et al. 2016].  
In plant tissue culture, image analysis has been adopt-
ed to estimate shoot length [Honda et al. 1997] and 
to evaluate the health condition of in vitro-stored tis-
sue-cultured plantlets [Aynalem et al. 2006]. Also, first 
attempts to use this method for assessing the chloro-
phyll content of regenerated plantlets have been made 
[Yadav et al. 2010, Dutta Gupta et al. 2013].

The present work describes an image analysis 
method based on RGB features, for rapid estimation 
of the chlorophyll content of leaves of micropropa-
gated plants. Strawberry was used as the test species 
(2 cultivars). An algorithm describing the relationship 
between the absolute values of chlorophyll content 
and the colour components of a leaf image captured 
with a conventional scanner was developed and test-
ed. Additionally, the accuracy of the proposed method 
was compared with that of an optical greenness meter 
designed for assessing leaf chlorophyll content.

MATERIAL AND METHODS

Plant material and culture conditions. The study 
was conducted at the Research Institute of Horticulture 
(currently The National Institute of Horticultural Re-
search), Skierniewice Poland. The experiments were 
performed on 2 genotypes of strawberry (Fragaria × 
ananassa Duchesne): ‘Pink Rosa’ and ‘Grandarosa’. 
The in vitro strawberry shoot cultures were established 
from apical meristems of runners taken from virus-free 
mother plants grown in a greenhouse. The basal medi-
um developed by Boxus [1974; modified by Borkows-
ka 2001] was applied, which contained macroelements 
[Knop 1965], microelements and vitamins [Murashige 
and Skoog 1962], supplemented with glycine (2 mg l–1), 
inositol (100 mg l–1), glucose (40 g l–1), indole-3- 
-butyric acid (IBA, 0.1 mg l–1), 6-benzylaminopurine 
(BA, 0.1 mg l–1), gibberellic acid (GA3, 0.1 mg l–1), 
and solidified with Difco Bacto Agar (8 g l–1).  
The pH of the medium was adjusted to 5.6–5.7 pri-
or to autoclaving. The medium for shoot proliferation  
contained higher concentrations of IBA (0.5 mg l–1) 
and BA (0.5 mg l–1). The cultures were maintained  

in a growth chamber at 23°C/18°C (day/night), un-
der white light (Philips fluorescent tubes ‘TL’D 36W; 
Philips Lighting, the Netherlands) with quantum irra-
diancy of 55 µmol m–2 s–1 and 16 h photoperiod. Every 
six weeks, the shoots were transplanted onto a fresh 
medium. The last six-week propagation passage was 
carried out on media modified to vary the chlorophyll 
content in the tested plant material. The modified me-
dia contained different concentrations of calcium ni-
trate Ca(NO3)2 ∙ 4H2O (0.36, 0.72, 1.44 g l–1), potassi-
um nitrate KNO3 (0.0625, 0.125, 0.25 g l–1) and sugar 
(10, 20, 40 g l–1).

Leaf greenness measurements. After the last 
passage, the leaves (separately from each nutrition 
treatment) were collected and digital recording of the 
adaxial surface was performed using an Epson Perfec-
tion 3170 PHOTO scanner. The leaves were scanned 
against a black background at 300 DPI. Images were 
saved as JPEG (joint photographic experts group) 
files. The acquired images were analysed to obtain av-
erage values of the basic colours: red, green, and blue 
(RGB). After the imaging sequence was completed, 
greenness level measurements (on all sampled leaves) 
were performed using SPAD-502 (Minolta, Japan) and 
CCM-200 (Opti-Sciences, USA) meters.

Image analysis and leaf colour evaluation. A ded-
icated application had been created that determined 
the colour component values individually for each 
pixel of leaf image without the background (Fig. 1).  
A threshold was established (RGB values below  
30 corresponding to a dark, blackish colour) to distin-
guish leaf blade colours from the background. To build 
the application, Hypertext Preprocessor (PHP), Hy-
perText Markup Language (HTML), Cascading Style 
Sheets (CSS), JavaScript and jQuery programming 
tools were used. To generate and analyse graphics in 
PHP, the appropriate Graphics Library (GD) was ap-
plied. This library provides a number of functions for 
creating and manipulating graphics. The application 
uses the functions: ‘imagecreatefromjpeg’, ‘imagecol-
orat’ and ‘imagecolorsforindex’.

Determination of chlorophyll content. Chemi-
cal analyses were performed on the same leaves that 
had been used for greenness measurements described 
above. The material for the determination of chloro-
phyll pigments consisted of fragments of leaf blades 
of the test plants. From each group, previously used 
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for RGB and greenness analyses, a weighed fragment 
of leaf blade (about 100 mg, what corresponded to 
3–4 leaf blades) was sampled, ground in a mortar in 
a solution of acetone (80%) with the addition of an-
hydrous CaCO3. Leaf sampling was repeated 9 times. 
The ground material was quantitatively transferred 
to graduated test tubes and made up with 80% ace-
tone to a volume of 10 ml. A sample prepared in this 
way was then agitated in darkness for 3 hours at +4ºC  
(WU-4, Premed, Poland). From each sample, 1.3 ml 
of the solution was taken three times for separate de-
terminations. The solution was placed in Eppendorf 
tubes and centrifuged at 11,000 rpm for 10 minutes. 
Absorbance of the extract was determined spectro-
photometrically at 663 and 645 nm wavelengths  
(NICOLET EVOLUTION 300, Thermo Electron Cor-
poration, USA). The chlorophyll content was calculat-
ed according to the formulas given by Bruisma [1963]:

Chl a = [12.7×(A663) – 2.7×(A645)] × V
1000 × W

Chl b = [22.7×(A645) – 42.7 (A663)] × V
1000 × W

V equals the volume of chlorophyll extract (mL) 
and W is the fresh weight of leaf samples used for 
the analysis. The chlorophyll a and b values were 
summed to reach the total chlorophyll contents of the 
samples. 

In order to assess the relationship between the actu-
al chlorophyll content and the measurements made by 
means of chlorophyll meters and image analysis com-
ponents, regression analysis was used. Relationships 
were evaluated using simple linear, second polynomi-
al, exponential and logarithmic models. Correlation 
coefficients calculated after model linearization were 
used as a measure of the model’s fit. The assessment 
of the universality of the method depending on the 
genotype was verified by comparing the coefficients 
of the obtained equations using the Student test. The 
influence of particular components of the image on 
chlorophyll content was evaluated using the multiple 

Fig. 1. A screenshot of the image analysis software (example)
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step-wise regression procedure. All calculations were 
performed using STATISTICA v. 11 package (Dell 
Inc., 2016). 

RESULTS AND DISCUSSION

Assessment of the chlorophyll content in plant tis-
sue is important for the selection of cultivars and phe-
notyping. It is the basis for the expression of the rate of 
photosynthesis and plant productivity [Cerovic et al. 
2012]. For large-scale canopy monitoring, chlorophyll 
estimation is often performed through remote sensing, 
whereas the use of portable hand-held meters is useful 
for ground-based (open field and greenhouse) chloro-
phyll assessment.

To evaluate the suitability of indirect methods for 
assessing the chlorophyll content of strawberry leaves, 
the results of measurements with the indirect methods 
were compared with the data of chemical analyses. 
Table 1 presents the correlation coefficients between 
the actual chlorophyll content in strawberry leaves, on 
the one hand, and the indices of chlorophyll content 
(SPAD and CCM) and various RGB formulas, on the 
other hand. The chlorophyll content of the leaves of 
strawberry plants was correlated with the results of 
measurements recorded by the two optical meters and 
with RGB values of scans of these leaves. The highest 
values of correlation coefficients were obtained be-
tween the chemical analysis results and mean values 
of the red (R) and green (G) colours of the scans. 

Generally, the results obtained indicate a close cor-
relation between the results of the actual chlorophyll 
content (chemical analysis) and the measurements 
taken with the optical meters in comparison with the 
literature data pertaining to plants cultivated in field or 
glasshouse conditions [Cerovic et al. 2012, Jiang et al. 
2017]. The literature results also show smaller errors 
in forecasting the chlorophyll content for the SPAD 
meter compared with CCM [Richardson et al. 2002]. 
Our study yielded higher values of the correlation co-
efficient for the SPAD meter than the CCM-200 meter.

Many papers have shown that readings of optical 
meters may suffer from interference by environmen-
tal conditions and measurement conditions [Treder 
and Cieśliński 2003, Naus et al. 2010]. The variability 
observed between different species or even cultivars 
has been explained by the differences in leaf structure 

causing differences in light reflection, or by the scat-
tering effect [Richardson et al. 2002]. Significant dif-
ferences found between different instruments have led 
to the recommendation that each instrument should be 
calibrated individually [Markwell et al. 1995, Treder 
et al. 2016].

The best calibration model for the CCM meter was 
the second-degree polynomial model (Fig. 2). For the 
SPAD meter, it was the exponential model (Fig. 3). 
Other researchers have reported different models to 
describe the relationship between optical values and 
the actual chlorophyll concentration [Richardson et al. 
2002, Jifon et al. 2005, Hawkins et al. 2009]. In most 
studies, linear relationships between the leaf chloro-
phyll and the SPAD values have usually been pro-
posed for the calibration of SPAD meters [e.g. Fanizza 
et al. 1991, Wang et al. 2004], although reports show-
ing non-linear relationships between chlorophyll and 
SPAD readings also exist [Jifon et al. 2005, Uddling 
et al. 2007]. Some authors have suggested that the ob-
served non-linearity can be caused by a non-uniform 
distribution of chlorophyll or radiation across the leaf 
surface [Monje and Bugbee 1992, Uddling et al. 2007]. 

The study did not show any significant effect of 
the cultivar on the results obtained with the use of the 
optical meters. The lack of such differentiation means 
that the same calibration can be used for a specific 
meter (for the cultivars being evaluated). There are 
reports available in the literature proposing a single 
optical/absolute chlorophyll relationship for multi-
ple cultivars of different crop species, e.g. soybean, 
maize, wheat [Markwell et al. 1995, Uddling et al. 
2007]. However, in other studies, significantly differ-
ent relationships have been observed among cultivars 
[Fanizza et al. 1991, Jifon et al. 2005]. Generally, it 
is suggested that separate models should be tested for 
each cultivar to maximize the accuracy of estimating 
leaf chlorophyll content from optical measurements 
[Richardson et al. 2002]. The fact that a single predic-
tion equation cannot be applied across a wide range of 
cultivars to determine chlorophyll content is consid-
ered a major limitation of indirect methods.

The experiment showed that, compared with the 
optical meters, the chlorophyll content of strawber-
ry leaves is better described by the measurements of 
the mean green or red colour values of leaf scans. The 
highest accuracy was found for the red colour values 
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using the exponential model (Fig. 4). However, va-
rietal differences were evident here, which indicates 
the need for individual calibrations. In the case of the 
green colour (Fig. 5), the accuracy was slightly lower; 
however, no varietal differences were found, thus one 
calibration can be used for both cultivars.

Possibility of estimating the leaf chlorophyll con-
tent from the G or R values in strawberry was noted 
also by other authors [Kahramanoğlu et al. 2021]. 
Similar to our findings,  Kahramanoğlu and coauthors 
[2021] found a poor correlation between the B value 
and leaf chlorophyll content in strawberry leaves.  

Fig. 2. Relationship between CCM indices and chlorophyll content in strawberry leaves 

Fig. 3. Relationship between SPAD indices and chlorophyll content in strawberry leaves
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It was reported that the use of natural light or white 
LED (e.g. scanner light source) provides a good cor-
relation for the G and R values, and a poor correla-
tion for the B value, for the verification of the leaf 
chlorophyll content [Özreçberoğlu and Kahramanoğ-
lu 2020]. R, G were found to be the most closely re-
lated with SPAD readings in rice [Tewari et al. 2013]. 

The results of the present study are in accordance 
with this literature. In contrast, Vesali and coauthors 
[2017] found that the green component of RGB co-
lour space was not an appropriate index to estimate 
the Chl content in maize. The results obtained by 
Özreçberoğlu and Kahramanoğlu [2020] showed that 
the best estimation of the leaf chlorophyll content of 

Fig. 4. Relationship between the average values of the red colour (R) and chlorophyll 
content in strawberry leaves 

Fig. 5. Final model describing the relationship between the average values of the green 
colour (G) and chlorophyll content in strawberry leaves
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pomegranate trees was possible by using both G and 
B values.

Multiple regression analysis indicates that the vari-
ables G and B have an insignificant effect on the de-
pendent variable, and the loss of information by elim-
inating these variables from the model is small, and 
the changes in chlorophyll content are only explained 
by the changes in the variable R (Tab. 1). After the 
initial selection between the standardized variables, 
three formulas: (R–G)/(R+G), (R–G)/(R+G+B), and  
R/(R+G+B) were selected and their relationship with 
the changes in chlorophyll content was tested. It became 
evident that these variables did not explain the changes 
in chlorophyll content better than the variable R.

The image analysis method has been used to suc-
cessfully assess leaf chlorophyll content in some crop 
species. For instance, Pagola et al. [2009] calculated  

a greenness index using the RGB components of the 
colour image in barley. Ali et al. [2012] achieved bet-
ter performance than SPAD in chlorophyll measure-
ments using a leaf-colour-based algorithm developed 
for lettuce, broccoli and tomato plants. 

Recently, we have demonstrated the potential of 
the RGB image analysis to assess the nitrogen con-
tent of apple trees using scanned images of the leaves 
[Treder et al. 2016]. Higher accuracy was found in 
determining foliar N content using image analysis 
compared with the accuracy of chlorophyll meters de-
signed for this purpose. Portable chlorophyll meters 
have limited resolution, and measure only small sam-
ples, which precludes them from being used for leaves 
with a non-uniform chlorophyll distribution [Spomer 
et al. 1988]. Rorie and co-authors [2011], after ana-
lysing images of corn, concluded that digital colour 

 Table 1. Linear correlation coefficients between leaf colour parameters (RGB), SPAD, CCM indices and the actual 
chlorophyll content in strawberry leaves, and multiple linear regression analysis to test the dependence of chlorophyll 
content on the colour parameters. Data averaged for two test cultivars 

Linear correlation coefficient 

                                                                 Covariates 

CCM SPAD R G B (R–G)/(R+G) (R–G)/(R+G+B) 
Chlorophyll  
content 

0.821*** 0.912*** –0.940*** –0.930*** –0.693*** –0.938*** –0.928*** 
Multiple step-wise regression analysis 

Covariates (xi) b Sb t p F p R2 
Model I  

Intercept 2.62 0.3041 8.61 <0.0001 
R –0.0112 0.0029 3.88 <0.0001 
G 0.0018 0.0039 0.46 0.648 
B 0.0030 0.0023 1.33 0.187 

202.7 <0.0001 0.885 

Model II 
Intercept 2.48 0.0720 34.5 <0.0001 
R –0.0125 0.0007 16.8 <0.0001 
B 0.0034 0.0020 1.69 0.0945 

307.1 <0.0001 0.886 

Model III 
Intercept 2.46 0.0711 34.6 <0.0001 
R −0.0115 0.00047 24.4 <0.0001 

597.1 <0.0001 0.883 

b – estimated value of model parameter, Sb – standard error of coefficient, t – value of Student test statistic, p – probability of statistic, F – Fisher 
statistic, R2 – corrected determination coefficient (n = 80, *** − p < 0.001) 
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analysis had the potential to be used in the same way 
as chlorophyll meters, but at a fraction of the cost. Be-
cause of its own (constant) light source, the scanner 
makes it possible to obtain the same intensity of co-
lours regardless of the external lighting conditions.

There have been some attempts to apply the im-
age analysis method to estimating chlorophyll in tis-
sue cultures. Yadav et al. [2010] tested the possibility 
of measuring the chlorophyll content of regenerated 
leaves (micropropagated potato plantlets) using their 
scanned images. They found a significant correlation 
between the mean brightness of R and G with the 
chlorophyll content measured in regenerated plants 
with a SPAD meter (using a single colour component 
approach). The same team proposed an RGB-based 
image analysis method using a digital camera for es-
timating chlorophyll content during micropropagation 
of potato plants [Dutta Gupta et al. 2013].

In conclusion, the present study confirmed the 
possibility of using the image capture method for the 
detection of chlorophyll status in plantlets cultured in 
vitro. Considering the quality of the prediction using 
the developed model, this simple system, consisting 
of a conventional scanner and a colour analysis algo-
rithm, might be utilized for estimating the chlorophyll 
content in strawberry plantlets in order to optimize the 
culture conditions for efficient micropropagation and 
to characterize the physiological status of the regener-
ated plants for better ex vitro acclimatization and fur-
ther development.
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