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Abstract
Degradation of chlorophyll was studied in leaves of spinach grown in soil containing cadmium and tetracycline, based on 
spectroscopic measurements and biochemical analyses of plant extracts. It was shown that plant exposure to the highest 
levels of tetracycline and cadmium resulted in 64% and 68%, respectively, reduction in chlorophyll content. The chlorophyll 
degradation rate constants were determined, and they were found to increase with increasing doses of tetracycline and cad‑
mium. The rate constant of chlorophyll degradation by tetracycline ranged from k = 960 M−1 day−1 to k = 2180 M−1 day−1, 
and the rate constant of chlorophyll degradation by cadmium ranged from k = 1130 M−1 day−1 to k = 2580 M−1 day−1, 
depending on dose. Plant stress responses to tetracycline are much stronger than to cadmium, as is visible from the activity 
of guaiacol peroxidase and catalase. However, phytotoxicity of cadmium, measured by the rate of chlorophyll degradation 
and enzyme activities, is much higher compared to tetracycline. The spectroscopic measurements were taken 10 days after 
tetracycline and cadmium were added to the reagent grade chlorophyll which was used at the concentration of chlorophyll 
in plants. Changes in absorption and fluorescence spectra are likely to result from removal of magnesium from the chloro‑
phyll molecule, and thus they indicate the formation of pheophytin. Cadmium, on the other hand, is probably bound into the 
chlorophyll molecule, substituting its magnesium.
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Abbreviations
TC  Tetracycline
Chl  Chlorophyll
rgChl  Reagent grade chlorophyll
k  Reaction rate constant

Introduction

To obtain high food quality, crops must be grown in soil that 
is free of toxic substances. These include antibiotics, and 
they can occur naturally, in very low quantities, in arable 
soils (Sanitá di Toppi and Gabbrielli 1999). Currently, how‑
ever, industrial and agricultural pollution, widespread in the 
environment, is the main source of antibiotics, as well as 
toxic metals. Cadmium (Cd) is the most frequently released 
metal (Wagner 1993), and tetracycline is the most often 
released antibiotic (US EPA 2012).

Cadmium comes mostly from phosphate fertilisers and 
wastewater sludge used for soil enrichment. Some fertilisers 
contain up to 300 Cd mg/kg (Alloway and Steinnes 1999). 
According to Roberts (2014), the cadmium content of phos‑
phate fertilisers used in the USA can exceed 150 Cd mg/kg. 
Considering that phosphate fertilisers are applied in typical 
production systems of cereals, vegetables and root crops at 
70, 133, 176 kg/ha, over 25,000 Cd mg/ha is introduced into 
the soil every year. Soil monitoring carried out by the Insti‑
tute of Soil Science and Plant Cultivation (IUNG, Puławy, 
Poland) shows that the highest cadmium concentration in 
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arable areas in Poland reached 67.98 mg/kg in 2015 and 
in 2000 it exceeded 90 mg/kg (90.78 mg/kg; IUNG 2017). 
In fruit tree production antibiotics are used directly, when 
needed, for eradication of bacterial diseases like fire blight 
(Stockwell and Duffy 2012); however, the scale of this anti‑
biotic use in orchards is very limited (only 0.12% of the 
total antibiotics use in agriculture). A large part (from 10 
to 90%) of antibiotics, including tetracycline, commonly 
applied in animal production, return to the environment as 
they are excreted from the animal bodies in an unchanged 
form or as active metabolites. They have been found in soil 
when manure was used from animals subjected to antibi‑
otic therapy. The contents of soil antibiotics in arable lands 
range from 0.1 to 1420 mg/kg of soil (Pan and Chu 2016). 
Both cadmium and tetracycline are toxic to crops, and they 
decrease the crop nutritional value. They are taken up by 
roots and absorbed by xylem; they are transported to the 
aboveground parts of plants (Wang et al. 2015; Margas et al. 
2016). Although Cd is a non‑reducing metal, it is toxic to 
the majority of crops at very low concentrations, above of 
5–10 Cd ng/g dry weight of leaves (Sanitá di Toppi and Gab‑
brielli 1999). Only some plants, called Cd‑hyperaccumula‑
tors, can safely accumulate considerable amounts of Cd (up 
to 100 Cd µg/g of dry weight of leaves; Zhao et al. 2002).

It has been repeatedly demonstrated that both antibiotics 
(Margas et al. 2016; Zhao et al. 2002; Rydzyński et al. 2017) 
and cadmium (Küpper et al. 2006) inhibit photosynthesis 
and contribute to the generation of reactive oxygen species 
(ROS) (Andresen and Küpper 2013). ROS cannot be formed 
directly in the Fenton or Haber–Weiss reaction (Wardman 
and Candeias 1996), but they may arise indirectly, due to 
the impairment of photosynthesis or respiration. Plants 
employ a wide range of reactions for defense against ROS, 
which include the activation of oxidative enzymes, such as 
superoxide dismutase, peroxidase, and catalase, as well as 
accumulation of low molecular mass antioxidants (ascorbic 
acid, reduced glutathione or carotenoids) (Gill and Tuteja 
2010; Gill et al. 2012). Moreover, cadmium and tetracycline 
reduce the content of photosynthetic pigments and thus 
reduce the plant growth rate and initiate chlorosis (Margas 
et al. 2016; Marcano et al. 2009). Reduction in chlorophyll 
(Chl) content in leaves adversely affects plant physiology. 
This pigment, however, is not only indispensable for plants, 
but it also has favorable actions on humans ingesting it, due 
to its antihyperglycaemic and antihyperlipidemic properties 
(Patar et al. 2016). In humans, food chlorophyll may limit 
the bioavailability of aflatoxin (Jubert et al. 2009). The ben‑
eficial effects of chlorophyll involve the protection of DNA 
from oxidation and protection of lipids from peroxidation. 
Both these deteriorative activities result from a reduction 
in ROS and chelation of metal ions (Lanfer‑Marquez et al. 
2005; Suparmi et al. 2016). The porphyrin ring in chloro‑
phyll acts as an interceptor molecule, inactivating mutagens 

by direct binding to their planar, cyclic molecules (Tachino 
et al. 1994; Chernomorsky et al. 1999). Carcinogens can 
also be inactivated this way. Moreover, the bioavailability 
of the complexes formed by chlorophyll and carcinogenic/
mutagenic molecules is very limited as they are too large to 
be absorbed from the intestines.

Chlorophyll can be effective even if it is not directly 
involved in blocking carcinogenic molecules (Cherno‑
morsky et al. 1999). Another potential anticancer effect of 
chlorophyll is related to its antioxidative properties (Lanfer‑
Marquez et al. 2005; Endo et al. 1985; Hsu et al. 2005) and 
the ability to chelate antioxidants. A decrease in the leaf 
chlorophyll content results in a change of leaf color and 
thus decreases the market quality of fresh fruit and leaves. 
Numerous studies of chlorophyll degradation by various 
technological processes have been conducted. Changes in 
color and degradation of chlorophyll, e.g., during heating or 
freezing, are associated with pheophytinization, epimerisa‑
tion, pyrolysis, hydroxylation and oxidation (Mangos and 
Berger 1997). However, chlorophyll loss in plants may result 
not only from technological processing but also from envi‑
ronmental pollution.

In this paper, for the first time, a comparison is made 
between plant reactions to tetracycline and cadmium as soil 
contaminants. These substances were selected considering 
that cadmium is one of the best documented soil pollutants, 
while the knowledge of the effects of soil tetracycline (and 
other drugs) is very incomplete. We used spectroscopic 
methods—measurements of both chlorophyll absorption and 
fluorescence—to analyze the changes in chlorophyll con‑
tents. Moreover, the activities of oxidative stress enzymes 
(catalase and guaiacol peroxidase) were determined.

Materials and methods

Materials

Spinach (Spinacia oleracea L.) cv. Matador seeds used in 
this study were purchased from a grocery. Tetracycline, cad‑
mium sulfate and most other reagents were from Sigma.

Methods

Seedling growth and chlorophyll extraction

The plants were grown for 20 days in a greenhouse under 
controlled conditions (temp. 23/19 °C, day/night; photo‑
period 16/8 h day/night; light intensity 3 kLx) after sowing 
in pots with 500 g of soil (sand, vermiculite, peat 1:0.3:1, 
v/v/v). One plant was grown in each pot. Twenty‑day‑old 
spinach seedlings, 8–10 cm tall (with four leaves), were 
selected and treated with aqueous solutions of tetracycline 
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and cadmium sulfate, using 3, 45 and 90 mg of the com‑
pound/kg of soil, with water as a control. Analyses were 
carried out 2, 4, 7 and 10 days after the toxic substances had 
been applied. Dry and fresh weights were also determined 
at each time of analysis.

Chlorophyll was extracted from spinach leaves (300 mg) 
with 5 ml methanol. The homogenate thus obtained was 
centrifuged at room temperature at 1500g. The extract was 
then fivefold diluted and used for spectrophotometric and 
fluorometric analyses.

Absorption and fluorescence characteristics of chlorophyll 
degradation

Chlorophyll was extracted from spinach leaves with metha‑
nol (5 ml/300 mg leaf fresh weight) using a porcelain mortar 
and pestle, at room temperature. The extracts were centri‑
fuged at 1500g. The pellets were washed with the solvent 
five times, and the methanol solutions from all extraction 
stages were combined. Thus, obtained chlorophyll solutions 
were used for spectroscopic analyses.

The Carry 300 UV–Visible Spectrophotometer (Var‑
ian, Inc.) was used for measurements of absorption spectra, 
while the steady‑state fluorescence spectra were measured 
with the Carry Eclipse Fluorescence Spectrophotometer 
(Varian, Inc.) applying the right‑angle geometry.

The excitation wavelength λexc = 650 nm, the excitation 
slit width and the emission slit width 2.5 nm and 5 nm, 
respectively, were used.

The Lambert–Beer law was applied to calculate the 
chlorophyll concentration, taking ε = 66,600 M−1 cm−1 as 
molar extinction coefficient for chlorophyll in methanol at 
λ = 665.7 nm, according to Seely and Jensen (1965).

To obtain the chlorophyll absorption spectra, extracts 
from five independent plants were measured for each soil 
tetracycline and cadmium concentration.

A commercial chlorophyll from Sigma chemical company 
[described below as reagent grade chlorophyll (rgChl)] was 
also used for the absorption and fluorescence measurements. 
It was dissolved in methanol, and TC or  CdSO4 was added to 
obtain their final concentrations corresponding to the levels 
detected in plants.

The decreases in plant chlorophyll concentrations result‑
ing from three doses of applied TC and Cd, observed within 
10 days, were used to study the kinetics of chlorophyll 
degradation reaction, the reaction order and reaction rate 
constant.

Catalase activity

The catalase activity in spinach leaves was determined 
spectrophotometrically. The leaves (500 mg fresh weight) 
were homogenized with a porcelain mortar and pestle in 

an extraction buffer containing  K2HPO4/KH2PO4 (0.05 M, 
pH 7.8), EDTA (Sigma‑Aldrich; 0.1 mM;), Triton X‑100 
[Sigma‑Aldrich; 0.5% (v/v)], polyvinylpyrrolidone [PVP; 
Sigma‑Aldrich; 1% (w/v)]. The homogenization was car‑
ried out on ice, and the extracts were centrifuged at 4 °C for 
20 min at 18,000g. Protein contents in supernatants were 
measured according to Bradford (1976). The catalase activ‑
ity was measured in a reaction mixture containing 50 mM 
phosphate buffer (pH 7), 25 μl of freshly prepared 10 mM 
 H2O2 and 50 μl of protein extract, in a final volume of 
1 ml. The reaction was started by adding the extract, and 
the changes in absorbance were measured for 100 s at the 
wavelength λ = 240 nm and 25 °C temperature. One unit of 
enzyme activity [U] corresponded to the reduction of 1 µmol 
 H2O2 by the extract during 100 s under conditions given 
above.

Guaiacol peroxidase activity

Samples of spinach leaves (500 mg fresh weight) were 
homogenized on ice in an extraction buffer containing: 
0.1 mM Tris–HCl (Sigma‑Aldrich), polyvinylopyrrolidone 
(Sigma‑Aldrich; 8.75%), KCI (Stanlab PPH; 0.1 M), Triton 
X‑100 (Sigma‑Aldrich; 0.28%). The extracts were centri‑
fuged for 20 min at 18,000g, 4 °C. The protein contents 
of extracts were measured with Bradford (1976) method. 
Enzyme activity was determined with a Ceclor spectro‑
photometer (serial number CE2021 2000) at λ = 470 nm, 
25 °C. The reaction mixture contained 2 ml 0.1 M  KH2PO4/
K2HPO4 (Chempur; pH 5), 25 µl 0.06%  H2O2 (Chempur), 
100 µl 1% guaiacol (O‑methoxyphenol, Sigma‑Aldrich) 
and 50 µl protein extract. One unit of activity [U] corre‑
sponded to the oxidation of 1 µmol  H2O2 during 1 min by 
1 µg protein.

Tetracycline content

The content of TC in 20‑day‑old seedlings (after 2, 4, 7 and 
10 days long antibiotic treatment) was determined. Plant sap 
was squeezed from fresh plant material with a mortar and 
pestle. Leaves (500 mg) were homogenized with 1 ml of 
methanol containing 20 µg 7‑chlortetracycline hydrochlo‑
ride (Sigma) as internal standard and centrifuged for 10 min 
at 13,200g. The obtained supernatant was transferred onto 
nylon filters (mesh size 0.22) (Sigma). For all extractions 
SPE, cartridges  Chromabond®Easy, 3 ml/200 mg, Mach‑
erey–Nagel, Dtiren, Germany, were used. SPE cartridges 
were rinsed with methanol and after loading with plant saps 
were eluted with 250 µl methanol. Tetracycline content in 
seedlings was analyzed by HPLC (Water Alliance 2695) 
according to Pailler et al. (2009) with small modifications 
by Rydzyński et al. (2017).
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Cadmium content

The content of cadmium in spinach leaves was determined 
using the graphite furnace atomic absorption spectrometry 
(GFAAS) and flame atomic absorption spectrophotometry 
(FAAS) methods. Leaf samples were dried to a constant 
weight. They were then processed in a microwave mineral‑
iser. The samples were transferred quantitatively to Teflon 
bombs, and  HNO3 and  H2O2 were added. A blank consist‑
ing of the reagents used in the procedure was also mineral‑
ized. Samples were next diluted and centrifuged for 10 min 
at 5000×g. The supernatant was used for further assays in 
the Sollar M device. The FAAS technique was applied on 
samples containing cadmium at the level above 0.5 ppm and 
GFAAS with a graphite couvette where samples containing 
less than 0.5 ppm cadmium were analyzed.

Statistical analysis

Tukey’s post hoc test (p ≤ 0.01) was applied to evaluate dif‑
ferences between controls and treatments using Statistica 
6.0 program.

Reaction kinetics was described using the equation:

where C = substrate concentration after time t, C0 = initial 
substrate concentration k = rate constant of chlorophyll 
degradation.

The GraphPad Prism version 6 program (GraphPad 
Prism Software, San Diego CA, USA) was applied to per‑
form linear regression. The calculated results are given as 
a slope (k) ± standard error (SEM). Goodness of fit R2 has 
been shown. The complex standard uncertainties of function 
f (t) =

1

C
 were calculated according to the equation:

where u(C)—standard uncertainty of concentration. 
u(C) = SD (standard deviation), which was determined for 
all measurements.

Results and discussion

Absorption and fluorescence characteristics 
of chlorophyll degradation

Chlorophyll is one of the main plant metabolites. It is indis‑
pensable for photosynthesis, and on the other hand, it has 
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great value for animal/human consumers of plants as it was 
demonstrated to possess anticancer properties (Simonich 
et al. 2007). Chlorophyllin, a chlorophyll derivative, inhibits 
proliferation of cancer cells and induces the expression of 
chemokines (Kang et al. 2013). Phenophorbide and tetrapy‑
rol, which are products of chlorophyll metabolism, can be 
conjugated to anticancer drugs and enhance their efficiency 
(You et al. 2011). They have also been shown to inhibit 
metastases (Weagle et al. 2010). It seems, therefore, rea‑
sonable to assume that each environmental factor that low‑
ers the chlorophyll content in plants is detrimental for both 
plant growth and plant nutritive/nutraceutical properties. 
This paper documents the effects of cadmium (a well‑known 
soil pollutant), and tetracycline (a drug recently described 
as important pollutant of some soils) on chlorophyll content 
in spinach leaves. We used physical methods—absorption 
and fluorescence measurements—to assess the changes in 
chlorophyll content.

Absorption spectra of chlorophyll isolated from the leaves 
of spinach grown in a soil containing TC and Cd at the fol‑
lowing concentrations: 3, 45 and 90 mg/kg of soil were 
measured. The decreases in chlorophyll absorption at 2, 4, 
7 and 10 days after treatments with antibiotic and cadmium 
sulfate are shown in Fig. 1. The figure shows that both the 
dose and the period of plant growth in contaminated soil had 
a strong impact on Chl content in plants. After 10 days, the 
absorbance of Chl, from plants exposed to TC at the dose of 
3 mg/kg soil, dropped from A = 1.05 (measured in control 
spinach) to A = 0.575, but at the dose 90 mg/kg of soil the 
drop of absorbance was higher from A = 1.05 to A = 0.376. 
In spinach exposed to Cd for 10 days, the drop of absorbance 
was stronger, down to A = 0.530 (at the dose 3 mg/kg of soil) 
and to A = 0.326 with the Cd dose 90 mg kg−1.

The chlorophyll molar concentration and its percent 
decrease in the leaves of spinach plants affected by TC and 
Cd concentration and time of its action (period of plant 
growth after soil application of TC and Cd) were calculated 
(Table 1). 

Chlorophyll concentration (C) in control leaves 
(from plants growing in the uncontaminated soil) was 
C = 7.88 × 10−5 M, and decreased to C = 4.32 × 10−5 M, 
C = 3.39 × 10−5 M and C = 2.82 × 10−5 M with TC concen‑
tration doses 3, 45 and 90 mg/kg of soil, respectively. On 
the other hand, after the application of cadmium, chloro‑
phyll concentration drops within 10 days were greater: from 
the initial value of C = 7.88 × 10−5 M to C = 4.09 × 10−5 M, 
C = 3.17 × 10−5 M and C = 2.55 × 10−5 M with Cd doses 
of 3, 45 and 90 mg/kg of soil, respectively. Table 1 also 
shows the percentage decrease in chlorophyll concentra‑
tion. After 10 days at a TC dose of 90 mg/kg of soil, the 
Chl decreased approximately three times, thus leaving 
only 36% of the initial chlorophyll content in spinach. 
However, after Cd application at a dose 90 mg/kg of soil, 
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only 32% of spinach leaf chlorophyll remained (Table 1). 
Thus, in spinach leaves of plants treated with cadmium a 
slightly greater degradation of chlorophyll was observed. 
Cadmium caused a 68% drop in chlorophyll content and 
tetracycline a 64% reduction. The fluorescence spectra of 
chlorophyll obtained from spinach leaves growing in TC 
and Cd‑contaminated soil are shown in Fig. 2.

After 4 days of plant treatment with TC, the fluores‑
cence spectra were not shifted to shorter wavelengths. 
On the other hand, when using Cd, we could see a slight 
shift in the short‑wave direction. After 10 days there was 
a definite shift of the maximum fluorescence spectrum 
by 4 nm: from 679 nm (for chlorophyll from leaves of 
plants not treated with TC) to 675 nm (for plants subjected 

Fig. 1  Absorption spectra of 
Chl isolated from leaves of 
spinach grown for 2, 4, 7 and 
10 days in a soil containing TC 
and Cd in the following concen‑
trations: 3, 45, 90 mg kg−1 of 
soil. (0 mg kg−1 of soil is a con‑
trol for Chl from plants grown 
in a soil with no TC and Cd)
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to tetracycline at 90 mg/kg soil) and 5 nm: from 679 to 
674 nm in plants subjected to Cd treatment. Also, the 
intensity of fluorescence spectra was reduced and this 
effect was stronger in Cd than TC treatments. A similar 
shift of fluorescence spectra (5 nm) was observed with Chl 
from leaves of lupin growing in TC contaminated soil TC 
(Rydzyński et al. 2017). The fluorescence spectra shifts 
confirm the formation of chlorophyll degradation product 
under the action of TC and Cd on plants.

Many physiological‑biochemical processes occur in 
plants and are modified by cadmium: plant growth (Yang 
et al. 2018), gene expression (Zhang et al. 2018a, b), protein 
content (Chen et al. 2018), amino acid metabolism (Singh 
et al. 2012) or antioxidant enzyme activity (Yousefi et al. 
2018). To investigate the direct effects of tetracycline and 
cadmium on chlorophyll, we included analyses of reagent 
grade Chl (rgChl; purchased from Sigma) in addition to Chl 
extracted from plants in our experiments. RgChl with TC 
solutions and RgChl with Cd were prepared. The concentra‑
tions of TC and Cd in these solutions were equal to those 
found in plants after application of TC/Cd at 90 mg/kg of 
soil. Measurements of absorption and fluorescence spectra 
were carried out after 10 days—using the same duration of 
TC and Cd action on chlorophyll as in plants.

The changes in absorption and fluorescence spectra after 
10 days for rgChl treated with TC are shown in Fig. 3a, b. 
The absorption spectra showed the appearance of additional 
bands, which indicate the formation of pheophytin. These 
bands could not be observed in Fig. 1 with Chl extracted 
from spinach, due to the overlapping of the long wave part 
of the absorption spectrum of carotene with the absorption 
spectrum of chlorophyll (Fig. 4). However, the increase in 
absorbance in the range 500–550 nm seen in curve 1 (Fig. 4, 
TC dose 90 mg/kg of soil) may indicate the presence of 
two hidden bands of pheophytin. The results obtained with 
rgChl (Fig. 3a) indicate that tetracycline probably causes 

the removal of magnesium atom from chlorophyll and the 
formation of pheophytin.

This is probable, because as it was demonstrated by Sch‑
neider et al. (2003) tetracycline readily reacts with magne‑
sium ions binding them into its rings in a few positions. The 
fluorescence spectra for the rgChl solution treated with TC 
showed the same 4 nm shift toward the shorter wavelengths 
as was seen with chlorophyll extracted from leaves of TC‑
treated spinach (at the 90 mg dose/kg of soil).

The absorption spectra for rgChl treated with Cd are 
shown in Fig. 5a. After a 10‑day exposure to cadmium the 
spectra shifted by 9 nm toward the shorter wavelengths 
from 665 to 656 nm, but the absorption bands typical of 
pheophytin at 506 nm and 536 nm were not observed. This 
indicates that chlorophyll is not converted to pheophytin 
under the influence of Cd. We state, therefore, similarly 
to other authors who showed the formation of metal‑chlo‑
rophyll complexes that cadmium eliminates magnesium 
from chlorophyll and replaces it in the central position of 
the porphirine ring. Many papers on metaloporphirins have 
been published (Kang et al. 2018; Bechaieb et al. 2016b; 
Zvezdanović et al. 2014; Küpper et al. 2006). Recently, 
based on quantum chemical calculations (with Gaussian 09 
program, using the density functional theory DFT at B3LYP 
level) the chemical structures of metaloporphirins (with Hg, 
Pb and Cd) were described and the reaction of metaloporphi‑
rin formation was postulated (Bechaieb et al. 2016a).

The formation of a new compound, a Cd‑containing chlo‑
rophyll, was also revealed by a strong shift of fluorescence 
spectra (Fig. 5b) toward short wavelengths, from 678 to 
668 nm. However, in the case of Chl extracted from leaves 
of Cd‑treated spinach, the shift of fluorescence spectrum 
was 5 nm (Fig. 2) and in absorption spectrum it was only 
1.5 nm (Fig. 1, for Cd 10 days treatment). A small shift of 
chlorophyll absorption spectra as a result of Mg replace‑
ment with Cd was also noticed by Küpper et al. (1996) in 

Table 1  Chl concentration 
(C[M] ± standard deviation, 
SD) and its percent decrease 
(C[%] ± SD) (in the examined 
samples compared to the 
control) in spinach leaves 
grown for 10 days in the soil 
containing different amounts of 
TC and Cd: 3, 45, 90 mg × kg−1 
of soil

Dose 3 mg × kg−1 45 mg × kg−1 90 mg × kg−1

Day C × 10−5 (M) % C × 10−5 (M) % C × 10−5 (M) %

TC
 0 7.88 ± 0.051 100 ± 0.64 7.88 ± 0.051 100 ± 0.64 7.88 ± 0.051 100 ± 0.64
 2 6.45 ± 0.040 82 ± 0.51 6.16 ± 0.088 78 ± 1.11 5.61 ± 0.073 71 ± 0.92
 4 6.25 ± 0.052 79 ± 0.66 5.84 ± 0.104 74 ± 1.32 5.04 ± 0.061 64 ± 0.77
 7 5.45 ± 0.068 68 ± 0.85 4.56 ± 0.078 58 ± 0.99 3.79 ± 0.095 48 ± 1.20
 10 4.32 ± 0.049 55 ± 0.62 3.39 ± 0.093 43 ± 1.18 2.82 ± 0.079 36 ± 1.01

Cd
 0 7.88 ± 0.051 100 ± 0.64 7.88 ± 0.051 100 ± 0.64 7.88 ± 0.051 100 ± 0.64
 2 6.51 ± 0.076 83 ± 0.97 6.12 ± 0.085 77 ± 1.07 5.51 ± 0.135 70 ± 1.71
 4 6.23 ± 0.098 79 ± 1.25 5.73 ± 0.234 73 ± 2.98 4.95 ± 0.097 63 ± 1.23
 7 5.11 ± 0.094 68 ± 1.25 4.28 ± 0.045 54 ± 0.57 3.98 ± 0.080 44 ± 0.89
 10 4.09 ± 0.117 50 ± 1.42 3.17 ± 0.011 40 ± 0.14 2.55 ± 0.020 32 ± 0.25
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their in vitro studies on the effect cadmium on chlorophyll 
isolated from grass foliage. These shifts were: 3 nm for Chl 
a and 1 nm for Chl b.

The absorption spectrum of chlorophyll, both isolated 
from leaves (Fig. 1) and rgChl (Fig. 4), was not shifted under 
the influence of tetracycline, which indicates that tetracy‑
cline did not change the energy of excited state S1 (singlet 
state) of chlorophyll. On the other hand, a big drop (by up to 

64%) in the quantity of absorbed light (Figs. 1, 4), caused by 
a considerable drop in chlorophyll concentration, points to 
a severely diminished number of radiation quanta absorbed 
by the light harvesting antennae. Chlorophyll degradation 
by tetracycline, therefore, significantly limits the photo‑
synthetic efficiency, which is in concordance with results 
of the measurements of leaf area, leaf dry and fresh mass. 
We should like to emphasize that the action of tetracycline 

Fig. 2  Fluorescence spectra 
of Chl isolated from leaves of 
spinach grown for 2, 4, 7 and 
10 days in a soil containing 
TC and Cd in the following con‑
centrations: 3, 45, 90 mg kg−1 
of soil. (0 mg kg−1 of soil is 
a control for Chl from plants 
grown in a soil with no antibi‑
otic and Cd)
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results in shifts in fluorescence spectra (unlike the unshifted 
absorption spectra) toward the short wavelengths (Figs. 2, 
4). This shift suggests that there is an increase in the energy 
of radiation quanta and the energy of resonance nonradiative 
transfer, which may disturb the energy migration within light 
harvesting antennae.

However, in the case of Cd, a large shift in the absorp‑
tion spectra is observed which will disturb the S1 energy 
state of chlorophyll in the PSI and PSII. The large shift of 
absorption spectra involves changes of energy quanta, which 
can participate in the resonance energy transfer from the 
chlorophyll antennae to the reaction center. Such energy 
migration in PSI and PSII may prove impossible due to the 
different distribution of 0–0 electronic transitions as a result 
of chlorophyll degradation, which can cause the breakdown 
of photosynthesis.

Chlorophyll degradation kinetics

In this paper, we studied the rate of chlorophyll degradation 
in plants under the influence of two detrimental factors: tet‑
racycline and cadmium. The kinetics of chlorophyll degrada‑
tion as a result of TC and Cd treatments was determined 
based on the chlorophyll concentration decrease as a func‑
tion of time of spinach growth in soil containing TC and Cd. 
Dependence of Chl concentration on time has been described 
by the kinetic equation 1

C
=

1

C0

+ kt , indicating that we are 

dealing with the second‑order reaction both for the pheophy‑
tin formation reaction, induced by TC (Fig. 6a) and for the 
incorporation of Cd instead of Mg in Chl (Fig. 6b). Constant 
rates of Chl degradation increased with increasing antibiotic 

Fig. 3  Changes in absorption 
(a) and fluorescence spectra (b) 
of rgChl and rgChl + TC (rgChl 
treated for 10 days with TC)

Fig. 4  Absorption spectrum of chlorophyll extracted from spinach 
10 days (curve 1) after the application of TC (90 mg kg−1 soil), plot‑
ted against the background with the absorption spectra of the follow‑
ing samples: chlorophyll extracted from TC‑nontreated spinach (0 mg 
TC), rgChl and β‑carotene, TC tetracycline

Fig. 5  Changes in absorption 
(a) and fluorescence spectra (b) 
of rgChl and rgChl + Cd (rgChl 
treated for 10 days with Cd)
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and Cd doses: for TC from k = 960  M−1  day−1 to 
k = 2180 M−1 day−1, and for Cd from k = 1130 M−1 day−1 to 
k = 2580 M−1 day−1. The constant of the rate of chlorophyll 
degradation was significantly higher in the case of Cd appli‑
cation compared to that of TC; for example, at the dose of 
90 mg/kg of soil, it was k = 2580 ± 230 M−1 day−1 and 
k = 2180 ± 180 M−1 day−1 for Cd and TC, respectively. For 
comparison, the constant of chlorophyll degradation rate in 
lupin  leaves  g rowing in  TC‑t rea ted  soi l  i s 
2910 ± 220 M−1 day−1 (Rydzyński et al. 2017) and is higher 
than for spinach (up to 2180 ± 180 M−1 day−1; Fig. 6).

The impact of TC and Cd on water balance in spinach 
leaves

Decreasing amount of leaf chlorophyll, caused by TC and 
Cd, can be a consequence of the reduction in leaf area. 
To verify the significance of this effect, the average area 
of a leaf blade was determined. The results are shown in 
Fig. 7a, b. Measurements of the leaves were started 2 days 
after TC and Cd were applied. The area of control leaves at 
the beginning of the experiment was 8.47 cm2, and it had 
increased by 0.32 cm2 in 10 days, which corresponded to 
a 3.65% increase. The average leaf area of plants growing 
for 10 days in soil containing the largest doses of TC and 
Cd increased only by 0.03 cm2 and by 0.04 cm2 in TC and 
Cd treatment, respectively. The smallest dose of TC and Cd 
acting for 10 days reduced the leaf blade area by 0.16 cm2 
and 0.14 cm2, respectively. Therefore, during the 10 days of 
growth in soil containing TC and Cd, the leaf area reduction 
did occur, but it was too small (4% at most) to account for a 
68% reduction in leaf chlorophyll content. The fresh and dry 
weights of leaves were also determined (Fig. 7c, d).

The fresh weight of leaves growing on the second day in 
control conditions was 535 mg/seedling, and it increased by 
57 mg by the 10th day. The fresh weight of leaves was lower 
by 107 mg in TC‑treated plants and by 168 mg in Cd‑plants, 
compared to the controls. The effect of Cd application on 
seedling fresh weight thus exceeded by 64.3% the effect 
caused by TC. A reduction in the fresh weight of leaves and 
an increase in dry weight of leaves were observed regardless 

of the time and dose of TC or Cd. The dry weight of leaves 
from plants which grew in control conditions, measured on 
the second day, was 8.23% by the tenth day. After 10 days 
on soil containing the largest dose of TC and Cd the leaf dry 
weight increased to 26.3% for TC and 33.6% for Cd. Leaves 
of all plants growing with Cd had a greater dry weight than 
those growing with TC.

Examination of TC and Cd‑caused stress 
and determination of the content of TC and Cd 
in spinach leaves

In order to determine the influence of TC and Cd in soil 
on stress responses in plants, the activity of catalase and 
peroxidase in leaves of TC‑affected plants (Fig. 8a) and 
Cd‑affected plants (Fig. 8b) was examined. Contamina‑
tion of soil with TC resulted in the activity of leaf catalase 
increased by 177% and activity of leaf peroxidase increased 
by 350% at the highest level of applied antibiotic. Xie et al. 
(2011) reported that TC at a dose of 25–300 mg/l increases 
the activity of catalase and peroxidase in roots of wheat 
by 528.5% and 629.7%. As mentioned above, we did not 
observe such a large increase in the activity of these enzymes 
in our study. Di Marco et al. (2014) also reported an increase 
in the activity of antioxidative enzymes in plants growing 
on soil contaminated with antibiotics. On the other hand, 
in our experiments a considerable increase in the activity 
of antioxidative enzymes (by 194.6% for catalase and by 
798.2% for peroxidase) was observed in Cd treatment rather 
than with TC.

The content of TC and Cd in leaves is shown in Fig. 8e, 
f. Leaves of spinach grown for 2 days in soil with the lowest 
level of TC contamination (3 mg/kg soil) accumulated TC 
1.3 µg/g fresh mass, those isolated from plants grown for 
2 days at the highest concentration contained 2.5 µg/g fresh 
mass, while after 10 days of growth leaves from the lowest 
and highest soil TC treatments contained 9.8 and 23 µg TC/g 
fresh mass, respectively. Cd uptake was slower, although the 
soil concentrations of both pollutants (expressed as mg/kg 
soil) were equal. Leaves from the lowest Cd treatment con‑
tained 0.05 and 0.13 µg Cd/g fresh mass after 2 and 10 days 

Fig. 6  The relationship between 
concentration of Chl extracted 
from antibiotic or cadmium 
affected plants (3, 45 and 
90 mg kg−1 of soil) and time of 
antibiotic action on plants. The 
following equation was used: 
1

C
=

1

C0

+ kt
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of growth, respectively. With the highest dose of Cd treat‑
ment, leaves contained 1.97 and 12.28 µg Cd/g fresh mass 
after 2 and 10 days of exposure, respectively.

It must be emphasized that plants take up TC more readily 
than Cd—they contained up to 2.9 times more TC than Cd 
after 10 days of experiment. After a short period of pollutant 
treatment (2 days), the difference was even more notable; the 
level of TC was 4.5 higher compared to Cd. We showed for 
the first time that plant absorbs TC more readily than Cd; 
however, TC is less toxic. It is well documented that plants 
absorb both Cd (Wang et al. 2018) and TC (Margas et al. 
2016); however the effects of both pollutants have not been 
compared so far.

Predicting the chlorophyll content

Edible plants (e.g., spinach) may become intoxicated with 
metals and antibiotics; it is important, therefore, to pre‑
dict the changes in chlorophyll content in leaves at harvest 

maturity, collected from plants grown for 60 days in con‑
taminated soil.

The uptake of tetracycline and cadmium from soil by 
spinach plants during 10 days results in severe changes in 
the plant water economy (changes in dry and fresh weights, 
stress reactions) and a very big drop of chlorophyll concen‑
trations in plants, reaching 60–70%. However, the vegeta‑
tion period lasts not 10 days but almost 2 months, so an 
attempt was made to calculate the chlorophyll concentration 
in plants growing in soils contaminated with TC and Cd dur‑
ing this prolonged period. Due to the fact that the spinach 
growth period from germination to harvest is on average 
about 60 days, from the kinetic equation (Eq. 1) and experi‑
mentally determined k and b values (Table 2), it was possible 
to predict Chl content in spinach leaves after 60 days of 
exposure to the antibiotic and the heavy metal. The predicted 
concentration of chlorophyll after 60 days (C60) of growth in 
contaminated soil decreased in a TC dose‑dependent fash‑
ion (Table 2): for 3 mg/kg of soil was C60 = 1.42 × 10−5 M, 

Fig. 7  Leaf area  [cm2] (a, b), 
fresh mass [mg] (c, d) and dry 
mass [%] (e, f) in leaves of 
spinach growing for 2, 4, 7 and 
10 days in soil contaminated 
with TC (a, c, d) and Cd (b, d, 
f) at different concentrations 0, 
3, 45, 90 mg TC or Cd  kg−1 of 
soil. Means with the same letter 
are not significantly different 
from each other (Tukey test, 
p ≤ 0.01)
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for 45 mg/kg of soil was C60 = 9.26 × 10−6 M, for 90 mg/
kg of soil C60 = 6.97 × 10−6 M, that corresponded to 18%, 
12% and 9%, respectively, of the initial chlorophyll concen‑
tration C0 = 7.88 × 10−5 M (measured in plants growing in 
non‑contaminated soil).

In the case of Cd application (Table 2), the predicted chlo‑
rophyll concentration drops after 60 days of spinach growth 
were sharper: C60 = 1.25 × 10−5 M, C60 = 8.25 × 10−6 M and 
C60 = 6.01 × 10−6 M, which corresponded to 16%, 10% and 
8%, respectively, of the initial chlorophyll concentration 

Fig. 8  Activity of catalase [U] 
(a, b) and peroxidase [U] (c, 
d), TC (e) and Cd (f) content 
[µg TC or Cd g−1 fresh mass] in 
leaves of spinach growing for 2, 
4, 7 and 10 days in soil contami‑
nated with TC (a, c, d) and Cd 
(b, d, f) at different concentra‑
tions 0, 3, 45, 90 mg TC or Cd 
 kg−1 of soil. Means with the 
same letter are not significantly 
different from each other (Tukey 
test, p ≤ 0.01)

Table 2  Predicted Chl content 
in spinach leaves 60 days 
after TC and Cd application 
(at full plant maturity). It was 
assumed that the TC and Cd 
concentration in leaves does not 
change appreciably

Dose 
(mg × kg−1)

Control After 10 days After 60 days

C0 (M) % C10 (M) % C60 (M) % k b = 1/C0

TC
 3 7.88 × 10−5 100 4.32 × 10−5 55 1.42 × 10−5 18 962 12,710
 45 7.88 × 10−5 100 3.39 × 10−5 43 9.26 × 10−6 12 1598 12,140
 90 7.88 × 10−5 100 2.82 × 10−5 36 6.97 × 10−6 9 2183 12,390

Cd
 3 7.88 × 10−5 100 4.09 × 10−5 50 1.25 × 10−5 16 1126 12,420
 45 7.88 × 10−5 100 3.17 × 10−5 40 8.25 × 10−6 10 1823 11,900
 90 7.88 × 10−5 100 2.55 × 10−5 32 6.01 × 10−6 8 2576 11,930
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C0 = 7.88 × 10−5 M (found in plants growing in non‑con‑
taminated soil).

After the growth period (60 days), there should be only 
about 9% Chl left in plants. This estimation is of course 
based on the assumption that the rate of chlorophyll degrada‑
tion (and possibly replacement) in spinach does not change 
significantly and proceeds with the pace noted by us during 
the 10 days of our experiments. As can be seen in Fig. 8, 
however, the disturbances caused by very high levels of the 
drug and Cd are not proportional to the doses. At the accept‑
able Cd dose (3 mg/kg of soil), Chl degradation reached 50% 
after 10 days, but a 30 times higher dose equaling 90 mg/
kg resulted in a chlorophyll drop by just 64% for TC and 
68% for Cd.

Tetracycline and Cd‑induced degradation of chlorophyll 
in spinach leaves is fairly rapid. Tetracycline degrades chlo‑
rophyll with the reaction rate constant k = 960 M−1 day−1 for 
3 mg TC/kg of soil. Cadmium, on the other hand, degrades 
chlorophyll with a reaction rate constant k = 1130 M−1 day−1 
for 3 mg Cd/kg of soil. Cadmium incorporated into chloro‑
phyll has a very toxic effect on plants. We have shown that 
a small amount of Cd may degrade chlorophyll as intensely 
as a high dose of TC. Biochemical/enzymatic analyses 
have also shown that cadmium is more phytotoxic than 
tetracycline.

Conclusion

This paper proves that soil contamination with tetracycline 
and cadmium results in chlorophyll degradation in plants. 
Tetracycline is taken up by plants more readily than cad‑
mium; however, the phytotoxic effect of cadmium (reflected 
in enzyme activity, dry mass, fresh mass, and leaf area) is 
much stronger compared to tetracycline. Moreover, cadmium 
induces a bigger drop in chlorophyll content. The appear‑
ance of new fluorescence bands, shifted relative to the bands 
of pure chlorophyll, suggests the formation of chlorophyll 
degradation products. In plants both types of chlorophyll 
degradation (by TC and Cd) are second‑order reactions (so 
their rates depend both on the contaminant concentration 
and chlorophyll concentration) and the rate constant of chlo‑
rophyll degradation by Cd is higher than the rate constant of 
chlorophyll degradation by TC. The changes in chlorophyll 
molecules as manifested by the drops of light absorption 
and fluorescence by chlorophyll contribute to the decrease 
in efficiency of photosynthesis in TC and Cd–intoxicated 
plants. The changes in energy quanta absorbed and emitted 

by chlorophyll indicate that the nonradiative energy transfer 
from light harvesting antennae to the photosynthetic reac‑
tion center is impossible and results in the breakdown of 
photosynthesis.
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