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Abstract. This paper analysed chlorophyll degradation in spinach leaves from plants affected by 
cadmium and tetracycline soil contamination, stored for 32 weeks at t= -18 °C. The first-order reaction 
kinetics were determined for chlorophyll degradation. In plants growing on soil containing tetracycline 
and cadmium, two ranges of chlorophyll degradation occur: 1 – a slow degradation, during storage for up 
to 20 weeks, occurring at constant degradation rate, k = 0.00594 ± 0.00029 week-1 for tetracycline and 
k = 0.00761 ± 0.00026 week-1 for cadmium, and 2 – a fast degradation, occurring later, with constant 
k = 0.04484 ± 0.00137 week-1 and k = 0.06777 ± 0.00171 week-1 for tetracycline and cadmium, 
respectively. Those two ranges were not observed for spinach growing without contamination 
(k = 0.00679  0.00027 week-1). Chlorophyll degradation occurred eight times faster for tetracycline and 
ten times faster for cadmium. After 32 weeks of storage 19.4% and 13.6% of chlorophyll were left in 
small leaves affected by tetracycline and cadmium, respectively. In spinach leaves of harvesting maturity 
(50-days-old, large leaves), lower values of rate constants were found for range 2, amounting for dose 
(90 mg/kg soil) to k = 0.02945  0.00151 week-1 (for tetracycline) and k = 0.03511  0.00124 week-1 (for 
cadmium) and 50% chlorophyll was left after 32 weeks. Chlorophyll degradation degree depends on soil 
contamination, leaf size and time of exposure to contaminants. 
Keywords: chlorophyll content, chlorophyll degradation, absorption and fluorescence spectra, 
degradation rate, storage of spinach 

Introduction 
The spinach is a popular vegetable due to its taste and sensory values. Spinach leaf 

chemical composition is also significant, including the high level of vitamin (C, E), 
folic acid, polyphenols, β-carotene, mineral component and dietary fibre, as well as 
strong antioxidant properties related to the high chlorophyll content (Jaworska, 2005; 
Lisiewska et al., 2009; Xie et al., 2013). A drawback of spinach is its short shelf life in a 
chilled state. After being subject to minimum processing, spinach packed in perforated 
bags remains fit for consumption for eight days when stored in the refrigerator at 8 °C 
(Kou et al., 2014). For this reason, spinach leaves are very often purchased by 
consumers in a frozen form (Jaworska and Kmiecik, 2000). Freezing is one of the most 
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frequently applied food storage methods. Despite undeniable usefulness of spinach 
storage at freezing temperatures, such treatments also have negative effects on food 
quality. Freezing involves physical changes, such as re-crystallization of ice and 
moisture migration, resulting in a decrease in weight and nutrient content, as well as 
changes in the product texture (Van Buggenhout et al., 2006; Pukszta and Palich, 2007). 
In the freezing process, chemical changes also take place, which can result in a change 
in taste or colour (Lisiewska et al., 2009). The colour is of great importance, since it is 
one of main factors considered by consumers purchasing fruit and vegetables. Orange 
and yellow colour of vegetables is, to a significant extent, caused by carotenoids, while 
green is related to the presence of chlorophyll (Sánchez et al., 2014). The change of the 
green colour in frozen products is related to degradation of chlorophyll content in plants 
(Koca et al., 2007). Chlorophyll degradation occurs not only when leaves are being 
frozen, but also in plants growing in a contaminated environment (Bartha et al., 2010; 
Kong et al., 2007). The main environmental contaminants include heavy metals and 
antibiotics, which have also been emphasized recently as cropland contaminating 
factors (Zhang et al., 2016). Progressive contamination results in increasing the content 
of antibiotics and heavy metals in soils and surface water (Azeez et al., 2009; Kim and 
Carlson, 2007; Nicholson et al., 2003). Contamination of arable soils in Poland with 
cadmium exceeded 90.87 mg/kg in 2000 (IUNG, 2017). Both heavy metals and 
antibiotics are taken up by plants from soil (Pan and Chu, 2017). After taking up, they 
are transported to the above-ground parts, including leaves, where they disturb the 
process of photosynthesis. The plant’s response to environmental contamination caused 
by heavy metals has been quite well explored. It is known that heavy metals replace a 
magnesium atom in chlorophyll, creating chlorophyll-metal bonds (Küpper et al., 2000, 
2001). Chlorophyll and metal complexes, even if they occur in low amounts in relation 
to pure chlorophyll, can entirely inhibit the process of photosynthesis (Küpper et al., 
1996). Metals with high toxicity towards plants include cadmium (Smeets et al., 2005; 
Mishra et al., 2006), this toxicity mainly results from changes occurring in the process 
of photosynthesis and changes in the structure and the content of photosynthetic dyes 
(Kummerova et al., 2006; López-Millán et al., 2009). Just like heavy metals, antibiotics 
also reduce the chlorophyll content in plants, thus reducing the process of 
photosynthesis (D’Abrosca et al., 2008; Li et al., 2011; Liu et al., 2013). 

The effect of plant contamination with heavy metals or antibiotics on chlorophyll 
concentration in leaves intended for freezing has not yet been examined. The aim of this 
study was to determine changes in chlorophyll concentration during the storage of 
spinach containing cadmium and tetracycline. Additionally, the contents of tetracycline 
and cadmium, as soil pollutants, were analysed for any effect on the quality of frozen 
raw material. 

Material and methods 

Materials 
The research material consisted of spinach (Spinacia oleracea L.) plants, Matador 

cultivar. The seeds were sown to the soil in 300 ml pots. After 20 or 40 days of plant 
growth, aqueous solutions of cadmium sulphate (Cd) and tetracycline (TC) at 
concentrations of 3, 45 and 90 mg/kg soil were added to the pots. Due to the fact that 
soil pollution in Poland exceeds 90 mg/kg of cadmium, the same concentrations for 
cadmium and tetracycline were used for comparison. Additionally, we applied to 
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smaller doses for large leaves – 3 and 45 mg/kg. After ten days as of adding metal and 
antibiotics to the soil, the leaves were cut, washed with water and prepared for freezing. 

The spinach was frozen in two variants: 
1. Small leaves (SL) – with a surface area of 10 ± 0.5 cm2, growing for 30 days, 

of which 10 days on the soil containing TC and Cd in the dose of 90 mg/kg 
soil. 

2. Large leaves (BL) – with a surface area of 55 ± 2 cm2, growing for 50 days 
(harvesting maturity of leaves) of which 10 days on the soil containing with TC 
and Cd in the dose of 3, 45 and 90 mg kg soil. 

BL and SL leaves were homogenized and stored in the freezer at -18 °C for 
32 weeks. The temperature was additionally monitored with a thermometer located in 
the freezer. Samples from the freezer were collected at one week intervals. Analyses 
were performed in five replications. Leaves from plants growing on soil not 
contaminated with cadmium or tetracycline were used as control. The leaves were 
stored in parallel with the plant material from contaminated soil. 

 
Chlorophyll extraction 

Chlorophyll was extracted from spinach leaves (300 mg) with 5 ml of methanol 
(Rydzyński et al., 2017). The obtained homogenate was centrifuged at room 
temperature at 4,000 RPM. The extract was then 5-fold diluted and used for 
spectrophotometric and fluorometric analyses. All extraction procedures were 
conducted in cold temperatures and dim light. 

 
Absorption and fluorescence spectra 

The absorption and fluorescence spectra of solutions were measured using, 
respectively, the Carry 5000 UV-Visible Spectrophotometer (Varian, Inc) and a Cary 
Eclipse Fluorescence Spectrophotometer (Varian, Inc) with right-angle geometry. The 
fluorescence spectra were measured at excitation wavelength λexc = 650 nm. 
Chlorophyll concentrations were calculated, based on Lambert-Beer law, on the basis of 
the known molar extinction coefficient of chlorophyll in methanol, which is 
 = 66600 M-1 cm-1 in the first chlorophyll absorption band maximum (Seely and 
Jensen, 1965). 

Results and discussion 
Chlorophyll is not only an indispensable plant dye, but has also been proven to be an 

important compound for the human body, with favourable antihyperglycemic and 
antihyperlipidemic properties (Patar et al., 2016). Chlorophyll also demonstrates 
antioxidant effects, eliminates free radicals and shows a positive effect in cancer 
treatment (Gore et al., 2017). Therefore, reduction of the chlorophyll content in the 
human diet is highly undesirable. 

It was proven (Rydzyński et al., 2017) that plants growing on soils contaminated 
with antibiotics feature a high decrease in chlorophyll. Therefore, the consumption 
quality of plants growing on such soils is impaired. The present study examined the 
process of chlorophyll degradation in plants growing on soil contaminated with 
antibiotics and heavy metal (cadmium), during the storage of such leaves at t = -18 °C 
for 32 weeks. 
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Figure 1A and A’ present changes in the absorption and fluorescence spectra of 
chlorophyll extracted from spinach grown on soil without (control) the content of 
tetracycline or cadmium and stored at t = -18C for 32 weeks. During the storage, 
absorption decreased from A1 = 1.122 to A32 = 0.874. Chlorophyll concentration was 
reduced from the value of C0 = 8.42 × 10-5 M to C32 = 6.56 × 10-5 M. Chlorophyll 
concentration decreased by 22%, which is in agreement with the results obtained by 
Dermesonluoglu et al. (2015) in the storage of frozen spinach at -18 °C. 

 

 
Figure 1. Absorption (A, B, C) and fluorescence (A’, B’, C’) spectra for chlorophyll extracted 
from stored (small) spinach leaves growing on soil: A, A’ -  without contamination (contol); B, 

B’ - containing 90 mg tetracycline (TC); C, C’ - containing 90 mg cadmium (Cd) per kg soil 
 
 
Figure 1B, B’, C and C’ present, respectively, the absorption and fluorescence 

spectra of chlorophyll obtained from spinach plants growing on soil containing TC and 
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Cd, and stored at t = -18C for 32 weeks. In these figures, the chlorophyll absorption 
and fluorescence spectrum for spinach without TC and Cd treatment (control) was 
added. 

As Figure 1B shows, the absorption of chlorophyll extracted from plant leaves 
growing for 10 days in soil containing TC (90 mg/kg) decreased by 64% in relation to 
the control sample (from the value of A = 1.12 to A = 0.407) and Figure 1C 
demonstrates that for cadmium treatment (90 mg/kg), a decrease of 65% was observed 
(to the value of A = 0.394). The decrease observed occurred in leaves growing on 
contaminated soil, even before spinach leaves underwent the freezing process. The 
leaves growing on soil contaminated with TC and Cd, containing less chlorophyll, were 
then subject to the freezing process, as a result of which, as can be seen in Figure 1B 
and C, a further decrease in chlorophyll took place: absorption was reduced from 
A1 = 0.407 to A32 = 0.217 (a further decrease in chlorophyll concentration to the value 
of C32 = 1.63 × 10-5M) for TC, and to the value of A32 = 0.152 (a decrease in 
concentration to the value of C32 = 1.14 × 10-5 M) for Cd. After 32 weeks of storage, 
19.4% chlorophyll content remained in TC contaminated leaves and 13.6% in Cd 
contaminated leaves. 

It can be clearly seen that during the low temperature storage of spinach leaves 
grown on soil contaminated with TC and Cd, a further process of chlorophyll 
degradation took place. In the fluorescence spectra (Fig. 1B’ and C’) major changes are 
observed – a large decrease in fluorescence concentration, particularly for samples 
containing cadmium. The fluorescence spectrum clearly shifted towards shorter 
wavelengths by 6 nm at TC contamination, and by 8 nm at Cd contamination, which 
clearly proves the formation of chlorophyll degradation products. A high decrease in 
absorbance between the control sample and the first week of freezing for spinach 
containing TC or Cd results from chlorophyll degradation in the plant under the effect 
of tetracycline and cadmium, while a further decrease in chlorophyll content was caused 
by the storage process. 

Figure 2 presents the relation between chlorophyll concentration in spinach leaves 
(SL) and the time of storage at t = -18 °C. These figures present the values of 
chlorophyll concentration for five independent samples of spinach leaves in the function 
of storage time. Statistical data of these changes is shown in Table A1 in the Appendix. 
For spinach grown on soil contaminated with antibiotic and metal, two ranges of 
chlorophyll degradation can be distinguished: the first range of slow degradation up to 
week 20, and the second range, of the so-called faster degradation. King et al. (2001) 
also observed a two-range course of chlorophyll degradation rate, but during 
dehydration by freeze-drying at -5 °C, -20 °C, -30 °C and 45 °C. At the beginning, for 
6 days of the process, they observed fast Chl degradation, followed by slow 
degradation. Those two ranges were recorded for blanched spinach, particularly at -5 °C 
and -30 °C. In the current study, two ranges of chlorophyll degradation were not 
observed for spinach growing on uncontaminated soil (control). 

On the basis of concentrations obtained, the kinetics of chlorophyll degradation 
during spinach storage time was examined. As provided in the literature (Koca et al., 
2007; Dermesonluoglu et al., 2015; Steet and Tong, 1996) in the examined cases, total 
chlorophyll loss in vegetables during various technological processes was described by 
1st order reaction kinetics. 

The concentration of chlorophyll as a function of time at a constant temperature for a 
first-order degradation kinetics model is: 
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  (Eq.1) 
 

where C is the chlorophyll concentration at any time t, Co is the initial concentration, 
and k is the first-order constant estimated by slope of the linearized plot of lnC vs t. 

Chlorophyll degradation reactions during spinach storage for 32 weeks at low 
temperature t = -18 °C were described by 1st order kinetics (Fig. 3). The lnC function 
linearly described the dependence of chlorophyll concentration decrease in the time of 
leaf storage at t = -18 °C in both ranges for contaminated spinach, and in one range for 
uncontaminated spinach. 

 

 
Figure 2. Relation between chlorophyll concentration (C[M]) in small spinach leaves and 
storage time. A – plants growing with TC (90 mg/kg soil), B - with Cd (90 mg/kg soil). The 

results were given for 5 independent measurements, the average value is shown in red. Data 
provided for 5 samples (●a, ●b, ●c, ●d, ●e, ●av – average for five samples) during 32 weeks of 
storage at t = -18 °C. The time dependence of chlorophyll concentration on leaf storage time 

has also been drawn for control (without contamination). 
 
 
Figure 3 presents the linear adjustment of lnC relation to spinach storage time. In 

frozen spinach, grown on uncontaminated soil, the chlorophyll degradation reaction 
occurred at a rate constant of k = 0.00679  0.00027 week-1 (R2 = 0.958). On the other 
hand, in spinach with TC, k = 0.00594 ± 0.00029 week-1 (R2 = 0.966) in the slow 
degradation range, the process occurred faster in the second range, with constant 
k = 0.04484 ± 0.00137 week-1(R2 = 0.989). For cadmium, k constants were higher and 
amounted to k = 0.00761 ± 0.00026 week-1 (R2 = 0.982) in the first range, and in the 
second – k = 0.06777 ± 0.00171 week-1 (R2 = 0.993). The value of the constant 
describing chlorophyll degradation rate in leaves growing without contamination 
(antibiotics and Cd) in this study corresponds to the values obtained by other authors. 
Dermesonluoglu et al. (2015) observed a 25% decrease in chlorophyll content after 36 
weeks of storage at -18 °C. The value of the first-order chlorophyll degradation constant 
they obtained, converted into the same units, is equal, within the margin of error, to the 
rate constant k obtained for uncontaminated spinach in the current study. 

Some authors suggest that during spinach storage, chlorophyll is decomposed to 
pheophytin. After three weeks of spinach storage at 8 °C, pheophytin becomes the main 
chlorophyll degradation product (López-Ayerra et al., 1998). Moharram and Rofael 
(1993) and Symons (1994) suggest that during storage at low temperatures, chlorophyll 
is also degraded to pheophytin. Kidmose et al. (2002) indicate that during freezing, 
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storage and thermal treatment, chlorophyll is converted or degraded to pheophytin, 
pheophorbide, pyropheophytin and pyropheophorbide. Niedzielski and Mokrosinska 
(1990) indicate that before low temperature storage of leaves, their blanching is 
recommended, as this process causes denaturation of the protein complex, which 
reduces chlorophyll content loss. 

 

 
Figure 3. Relation between concentration of chlorophyll extracted from plants growing with 

antibiotics (A) or cadmium (B) (90 mg/kg soil) and leaf storage time at t = -18 °C. Doted points 
– experimental data, line – obtained from the linear regression based on the experimental data. 

The following equation was applied: C = Coe-kt 
 
 
In our paper we postulated that the two-range chlorophyll degradation observed in 

the current study results from the fact that chlorophyll subject to the freezing process is 
quite quickly degraded in plants growing for 10 days on TC and Cd contaminated soil 
and, afterwards, during the storage of such spinach, degradation occurred slower in the 
first period, with further strong chlorophyll degradation taking place only after 
20 weeks of freezing, as a result of which after 32 weeks, only 19.4% and 13.6% 
chlorophyll was remain in plants contaminated with TC and Cd, respectively. However, 
for freezing leaves growing without antibiotics or Cd, it was observed that after 
32 weeks (in control spinach), 78% chlorophyll was left. Therefore, 22% chlorophyll 
degradation occurred (Fig. 2). 

When freezing spinach leaves at t = -18 °C, Dermesonluoglu et al. (2015) observed a 
similar course of degradation as we observed for uncontaminated spinach. On the other 
hand, King et al. (2001) observed freeze-drying of dehydrated spinach at various 
temperatures (from -5 °C to -45 °C) and found very fast chlorophyll degradation at the 
beginning, within six weeks, followed by slow degradation. After twelve weeks, 
chlorophyll degradation reached 45% at t = -20 °C. Even faster chlorophyll degradation 
in comparison to spinach occurs in turnip greens (Brasica rapa var. rapa L.). During 
28-day storage at -30 °C, chlorophyll a is 40% degraded and chlorophyll b is 44% 
degraded (Martínez et al., 2013). An interesting result of chlorophyll degradation was 
obtained by Grzeszczuk et al. (2007) for New Zealand spinach stored at t = -25 °C. 
Changes in chlorophyll content during storage are completely different. Grzeszczuk et 
al. (2007) observed an initial growth in chlorophyll content in New Zealand spinach in 
the first three months of storage, and only between month 3 and 6 of storage at about -
26 °C, a decrease in chlorophyll content takes place. On the other hand, in dill frozen at 
-20 °C, Lisiewska et al. (2004) observed a slow decrease in chlorophyll content up to 
about week 24, after which chlorophyll degradation was accelerated, similar to 
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contaminated spinach leaves examined in the our current research. As it can be 
concluded from the data quoted above, depending on the plants, chlorophyll degradation 
during storage at low temperature can have various courses. 

Our study also examined the process of chlorophyll degradation in harvest-ready, 
large, developed spinach leaves. Such spinach (growing for 50 days, of which 10 days 
with 3, 45 and 90 mg TC and Cd per kg soil) was subject to the freezing process and 
stored at t = -18 °C for 32 days. The absorption spectra of chlorophyll extracted every 
week from those leaves are presented in Figure 4. As shown in Figure 4, the decrease in 
chlorophyll absorption during the storage of harvest-mature leaves contaminated with 
TC was slower in the first weeks. For three doses of TC and Cd, for 3, 45, 90 mg/kg 
soil, absorbance decreased after 32 weeks to the following values: A3 = 0.724, 
A45 = 0.637, A90 = 0.500 for TC, and for Cd treatment: A3 = 0.714, A45 = 0.583, 
A90 = 0.498 It can be noted that chlorophyll degradation was only slightly lower after 
Cd application. 

 

 
Figure 4. Absorption spectra for chlorophyll extracted from fully developed spinach leaves 

growing on soil contaminated with tetracycline and cadmium at the dose of: 3 mg/kg soil (A - 
tetracycline, A1 - cadmium), 45 mg/kg soil (B - tetracycline, B1 - cadmium) and 90 mg/kg soil 

(C - tetracycline, C1 - cadmium) 
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Figure 5 presents storage time dependence of chlorophyll concentration in 
subsequent weeks of its storage at t = -18 °C for developed spinach leaves. Statistical 
data of these changes is shown in Table A2. The percentage content of chlorophyll 
remaining in spinach after 32 weeks of freezing in relation to the control sample, in 
which chlorophyll concentration was Co = 8.42 × 10-5 M (chlorophyll concentration in 
leaves uncontaminated with TC and Cd), depending on the dose and was amounted for 
TC: 64.49% (3 mg) and 56.65% (45 mg), 44.42% (90 mg) and for Cd: 63.68% (3 mg), 
51.90% (45 mg) and 44.54% (90 mg). The results show that chlorophyll degradation is 
lower in large, developed leaves, which were subject to the antibiotic and metal 
treatment only after their development. Undoubtedly, degradation would have taken a 
completely different course if the plants had grown on the contaminated soil for 
50 days. The results clearly indicate that in developed spinach leaves, degradation is 
also a two-stage process. 

 

 
Figure 5. Relation between chlorophyll concentration (C[M]) in large spinach leaves and 

storage time. Panel A, B, C – plants growing with tetracycline (3, 45 and 90 mg/kg soil), Panel 
D, E, F - with cadmium (3, 45 and 90 mg/kg soil). The results were given for 5 independent 

measurements, the average value is shown in red. Data provided for 5 samples (●a, ●b, ●c, ●d, 
●e, ●av – average for five samples) during 32 weeks of storage at t = -18 °C 

 
 
Table 1 shows degradation rate constants for 50-day spinach contaminated with TC 

and Cd. As shown in the table, chlorophyll degradation rate constants depend on the TC 
and Cd dose, which indicates that Cd is more toxic in the second range, while 
degradation occurs faster in plants growing on soil contaminated with Cd. In the first 
range, degradation rate constants did not differ much, and varied from k = 0.00168  
0.00006 week-1 to k = 0.00550  0.00019 week-1 for TC, and from k = 0.00134  
0.00014 week 1 to k = 0.002217  0.00017 week-1 for Cd. In the second range, the 
values of k were 10 times higher (Tab.1) and took significantly higher values for Cd. It 
is also worth emphasizing that degradation rate constants k for Cd in the first range are 
lower than for TC. This probably results from the fact that plants have an efficient 
cadmium resistance mechanism. Metal transporters can play a significant role in 
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controlling plant tolerance to Cd (Rui et al., 2018). It was also demonstrated that plants 
more readily take up tetracycline from soil than cadmium (Rydzyński et al., 2018). 

 
Table 1. Values of the reaction chlorophyll degradation rate constant k for harvest-ready 
spinach 

Harvesting 
maturity of 

leaves 
I range II range 

mg/kg soli k [week-1] Storage time R2 k [week-1] Storage time R2 

TC 3 0.00168  0.00006 From 3 to 19 weeks 0.985 0.01551  0.00117 From 20 to 31 weeks 0.951 
TC 45 0.00456 0.00015 From 5 to 21 weeks 0.985 0.01811  0.00054 From 21 to 31 weeks 0.992 
TC 90 0.00550  0.00019 From 4 to 19 weeks 0.986 0.02945  0.00151 From 19 to 31 weeks 0.983 

mg/kg soil k [week-1]  R2 k [week-1]  R2 

Cd3 0.00134  0.00014 From 1 to 20 weeks 0.840 0.01855  0.00079 From 21 to 32 weeks 0.982 
Cd 45 0.00272  0.00011 From 1 to 21 weeks 0.971 0.02613  0.00070 From 21 to 32 weeks 0.993 

Cd 90 0.002217 0.00020 From 1 to 19 weeks 0.947 0.03511  0.00124 
0.03421  0.00123 

From 22 to 32 weeks 
From 21 to 32 weeks 

0.987 
0.987 

Conclusion 
The research demonstrated that the degree of chlorophyll degradation depends on the 

soil contamination degree, the leaf size and the time for which the plant grew on 
contaminated soil. At the same time, cadmium toxicity is higher despite the plants 
taking it up in smaller amounts, since chlorophyll degradation is higher in the presence 
of Cd than TC. To preserve the highest consumption quality of spinach leaves (high 
chlorophyll content), the leaves intended for freezing should be large and should grow 
on soil free of any contamination. We recommend storing spinach leaves at -18 °C for 
not longer than 20 weeks. In addition to the analysis of chlorophyll quality, the studies 
of stored leaves from spinach grown on contaminated soils will be carried out in the 
immediate future to consider biologically active substances such as vitamins, carotenes, 
xanthophylls that have a significant impact on the biological value of the vegetable raw 
material. 
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APPENDIX 

Table A1. Statistical analysis of chlorophyll content in small leaves of plants grown in soil 
contaminated with tetracycline or cadmium (means ± SD; different lowercase letters denote 
significantly different results across storage periods, different capital letters denote 
significant differences across contaminant doses; NIR  0.01) 

Control 
C (M)  10-5 Tetracycline C (M)  10-5 Cadmium C (M)  10-5 t (week) 

0 mg 90 mg 90 mg 
1 8.45±0.14aA 3.05±0.03aB 2.92±0.02 aB 
2 8.42±0.11 aA 3.10±0.11aB 2.95±0.07 aB 
3 8.02±0.10 aA 3.05±0.04aB 2.97±0.05 aB 
4 7.93±0.07 aA 2.96±0.05aB 2.94±0.06 aB 
5 7.97±0.10 aA 2.95±0.02aB 2.90±0.06 aB 
6 7.96±0.05 aA 2.96±0.01aB 2.90±0.03 aB 
7 7.78±0.10 bA 2.95±0.02aB 2.89±0.04 aB 
8 7.78±0.09 bA 2.94±0.02aB 2.90±0.04 aB 
9 7.66±0.09 bA 2.94±0.02aB 2.88±0.02 aB 

10 7.62±0.12 bA 2.89±0.07aB 2.88±0.03 aB 
11 7.62±0.12 bA 2.86±0.05aB 2.88±0.03 aB 
12 7.61±0.04 bA 2.85±0.02aB 2.80±0.02 aB 
13 7.58±0.08 bA 2.84±0.00 aB 2.80±0.03 aB 
14 7.55±0.08 bA 2.79±0.05aB 2.78±0.03 aB 
15 7.53±0.12 bA 2.80±0.05aB 2.77±0.03 aB 
16 7.53±0.07 bA 2.79±0.01aB 2.77±0.02 aB 
17 7.53±0.11 bA 2.79±0.03aB 2.72±0.03 aB 
18 7.49±0.06 cA 2.79±0.02aB 2.63±0.07 aB 
19 7.46±0.10 cA 2.77±0.02aB 2.66±0.01 aB 
20 7.32±0.08 cA 2.72±0.01aB 2.58±0.05 aB 
21 7.27±0.06 cA 2.69±0.02bB 2.48±0.06 bB 



Rydzyński et al.: Effect of environmental pollution with tetracycline and cadmium on chlorophyll content in spinach (Spinacia 
oleracea L.) leaves subjected to cold storage 

- 6834 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(3): 6821-6835. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1703_68216835 
 2019, ALÖKI Kft., Budapest, Hungary 

22 7.16±0.09 cA 2.54±0.03bB 2.54±0.04 bB 
23 7.13±0.09 cA 2.46±0.01cB 2.21±0.09 bB 
24 7.11±0.16 cA 2.41±0.01dB 2.06±0.02 cC 
25 7.07±0.04 cA 2.31±0.03eB 1.97±0.04 cC 
26 7.01±0.01 dA 2.20±0.04eB 1.83±0.02 cC 
27 6.91±0.01 dA 2.05±0.04eB 1.69±0.02 dC 
28 6.84±0.06 dA 1.95±0.01eB 1.59±0.09 dC 
29 6.76±0.01 dA 1.87±0.05bB 1.45±0.02 dC 
30 6.71±0.06 dA 1.79±0.06bB 1.36±0.06 dC 
31 6.65±0.01 dA 1.70±0.03bB 1.28±0.07 dC 
32 6.56±0.08 eA 1.63±0.04bB 1.14±0.06 dC 

 
 
Table A2. Statistical analysis of chlorophyll content in mature leaves of plants grown in soil 
contaminated with tetracycline or cadmium (means ± SD; different lowercase letters denote 
significantly different results across storage periods, different capital letters denote 
significant differences across contaminant doses; NIR  0.01) 

Tetracycline C (M)  10-5 Cadmium C (M)  10-5 t (week) 
3 mg 45 mg 90 mg 3 mg 45 mg 90 mg 

1 7.04±0.16aA 6.45±0.08 aB 6.12±0.13 aB 6.92±0.04 aA 6.26±0.09 aB 6.00±0.14 aB 
2 7.04±0.08 aA 6.47±0.03 aB 6.10±0.13 aB 6.86±0.11 aA 6.23±0.12 aB 6.01±0.18 aB 
3 6.90±0.07 aA 6.35±0.15 aB 6.10±0.06 aB 6.87±0.11 aA 6.23±0.13 aB 6.01±0.10 aB 
4 6.81±0.02 aA 6.28±0.06 aB 5.98±0.05 aB 6.82±0.04 aA 6.17±0.04 aB 5.97±0.06 aB 
5 6.80±0.03 aA 6.21±0.08 aB 5.96±0.09 aB 6.80±0.04 aA 6.18±0.06 aB 5.95±0.08 aB 
6 6.70±0.03 aA 6.17±0.06 aB 5.89±0.09 aB 6.79±0.02 aA 6.15±0.08 aB 5.99±0.03 aB 
7 6.79±0.02 aA 6.13±0.08 aB 5.88±0.11 aB 6.79±0.02 aA 6.13±0.08 aB 5.97±0.09 aB 
8 6.77±0.06 aA 6.09±0.09 aB 5.87±0.10 aB  6.78±0.03 aA 6.13±0.01 aB 5.96±0.02 aB 
9 6.77±0.02 aA 6.05±0.03 aB 5.82±0.05 aB 6.79±0.04 aA 6.14±0.04 aB 5.95±0.04 aB 
10 6.73±0.10 aA 6.01±0.06 bB 5.79±0.07 aB 6.80±0.03 aA 6.11±0.04 aB 5.95±0.02 aB 
11 6.73±0.11 aA 6.01±0.06 bB 5.78±0.07 aB 6.80±0.03 aA 6.10±0.04 aB 5.95±0.01 aB 
12 6.72±0.07 aA 6.00±0.05 bB 5.75±0.03 aB 6.80±0.04 aA 6.09±0.03 aB 5.95±0.05 aB 
13 6.72±0.08 aA 5.99±0.07 bB 5.73±0.04 aB 6.79±0.03 aA 6.08±0.02 aB 5.92±0.06 aB 
14 6.72±0.06 aA 5.95±0.07 cB 5.71±0.11 aB 6.78±0.05 aA 6.06±0.02 aB 5.91±0.03 aB 
15 6.71±0.09 aA 5.92±0.07 cB 5.65±0.10 aB 6.74±0.02 aA 6.02±0.01 aB 5.88±0.04 aB 
16 6.60±0.07 aA 5.86±0.01 cB 5.60±0.14 bB 6.73±0.02 aA 6.01±0.01 aB 5.87±0.04 aB 
17 6.67±0.07 aA 5.84±0.09 cB 5.57±0.15 bB 6.72±0.03 aA 6.00±0.01 aB 5.85±0.08 aB 
18 6.66±0.03 aA 5.82±0.09 cB 5.53±0.16 bB 6.71±0.08 aA 5.97±0.04 aB 5.82±0.07 aB 
19 6.64±0.01 aA 5.80±0.09 cB 5.49±0.03 cB 6.71±0.03 aA 5.97±0.02 aB 5.76±0.06 aB 
20 6.62±0.05 aA 5.78±0.09 cB 5.42±0.11 cB 6.67±0.03 aA 5.91±0.03 aB 5.67±0.15 aB 
21 6.54±0.06 aA 5.78±0.05 cB 5.40±0.08 cB 6.60±0.12 aA 5.89±0.04 aB 5.58±0.11 aB 
22 6.47±0.02 bA 5.64±0.14 cB 5.36±0.14 dB 6.47±0.04 bA 5.65±0.09 bB 5.45±0.11 bB 
23 6.47±0.01 bA 5.57±0.18 cB 5.23±0.07 dB 6.41±0.04 bA 5.60±0.06 bB 5.30±0.04 bB 
24 6.39±0.04 bA 5.47±0.03 cB 5.03±0.08 eC 6.32±0.04 bA 5.50±0.08 cB 5.14±0.04 cB 
25 6.32±0.06 aA 5.39±0.04 dB 4.82±0.04 eC 6.22±0.06 bA 5.35±0.06 cB 4.96±0.05 cB 
26 6.23±0.03 bA 5.31±0.03 dB 4.64±0.02 eC 6.16±0.06 bA 5.20±0.05 dB 4.82±0.02 cB 
27 6.05±0.01bA 5.24±0.02 dB 4.49±0.02 fC 6.02±0.03 cA 5.07±0.01 dB 4.65±0.03 cB 
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28 5.89±0.04 bA 5.12±0.06 dB 4.39±0.08 aC 5.90±0.05 cA 4.93±0.01 dB 4.53±0.02 cC 
29 5.75±0.06 cA 5.01±0.03 eB 4.24±0.05 fC 5.76±0.02 cA 4.81±0.06 dB 4.39±0.04 cC 
30 5.64±0.01 bA 4.88±0.02 eB 4.09±0.03 fC 5.58±0.06 dA 4.68±0.02 eB 4.21±0.03 cC 
31 5.52±0.03 bA 4.79±0.06 eB 3.94±0.01 gC 5.54±0.02 dA 4.52±0.05 eB 4.01±0.02 dC 
32 5.43±0.03 cA 4.78±0.07 eB 3.74±0.03 gC 5.36±0.09 eA 4.37±0.06 eB 3.77±0.02 eC 

 


