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Response to Reviewers: Reviewer #2: 

Review of CHEM37218 „ " 

Chromium is considered to be amongst the most harmful anthropogenic 

threats to natural surface waters. Several studies have concerned with 

reveal the effects of this heavy metal but the sensitivity and tolerance 

mechanisms in plants are still poorly understood especially in aquatic 

species. The authors address this question: how chromium might effect the 

growth and physiology of Lemna minor, an aquatic macrophyte species used 

frequently in biomonitoring of environmental contaminants.  

Basically they planned properly the experiment with different chromium 

treatments but there is no description whether they performed only a 

single experiment or the reported results came from a representative 

experiment. 

* Reported results came from a representative experiment of three (see 

line 144).    

I have some suggestions and comments to improve the manuscript: 

1)The number of lines is not continuous in the manuscript, please see 

from Chapter 3. 

It is true, we corrected the mistake. 

2) More details are required on experimental set-up. 

* We reported the details required about the experimental set-up in the 

‘Material and Methods’ section (Lines 129-145). 

3) It is also important to give the concentrations of Cr instead of the 

salt. This makes the comparison easier with results of other studies. I 

suggest the use of molar concentration. 

* The concentration is now reported as both concentration of potassium 

dichromate and as molar concentration of Cr. (Lines 133-139) 

4) I strongly recommend a thorough revision of the manuscript to improve 

grammar, spelling and especially clarity. There are some unclear 

sentences e.g. Line 132-133 In the present paper we investigated the 



extent to which Co2+  altered starch accumulation in L. minor clone 9441 

and  attempted to determine the underlying mechanism(s). Why Co2+ ? 

* The article was revised by a native English speaker to improve grammar 

and spelling. About the sentence at Line 119, there was a mistake the 

correct name is CR(VI) and not Co2+. 

 

Reviewer #4: Reviewers notes to the authors on manuscript No. CHEM37218 

('Effects of chromium on the growth of common duckweed (Lemna minor L.)') 

 

General remarks 

The manuscript fits the aims and scope of the Environmental Toxicology 

and Risk Assessment section of Chemosphere. Its questions are clearly 

addressed and the applied methods are appropriate to answer them. The 

results are well documented and the conclusions are in line with them. 

The manuscript, however, needs thorough improvement from several aspects 

before its publication. The most basic weaknesses are as follows: 

- The 'Materials and Methods' and 'Results' chapters suggest that the 

treatments were conducted only once with three parallel samples (see 

specific notes). Standardized laboratory experiments can be easily 

reproduced. The findings of the study would be better supported if the 

experiments were replicated and at least the growth rates were analyzed 

in larger sample numbers. 

* Reported results came from a representative experiment of three, as now 

correctly reported at lines 144-145.  

- Although section 2.10 ('Statistical analysis') indicates that the 

results were analyzed statistically it is scarcely indicated in the 

'Results' chapter (they appear only regarding the physiological 

parameters) and is completely missing from Table 1 and figures 1 and 3.  

* Missing data concerning statistical analysis are now reported. 

Specific remarks 

- The line numbering (mandatory for submitting manuscripts to 

Chemosphere) stops after the 'Materials and Methods' chapter. Thus 

specific remarks regarding the 'Results' and 'Discussion' chapters 

hereafter are referred only by their subchapter. 

* It is true, we corrected the mistake. 

- According to Chemosphere's guide for authors manuscript's length should 

not exceed 6000 words including figures and tables (300 words each). The 

manuscript is ~5800 words + 5 figures + 1 table that is considerably 

longer.  

* We tried to reduce the text and the number of figures (by merging 

multiple graphs in a single figure) in order to respect the limit of 6500 

words reported in the author’s instruction. We hope it will be 

sufficient; a further reduction could make the work less comprehensible 

- The title 'Effects of chromium on the growth of common duckweed (Lemna 

minor L.)' is a bit overly simplistic as the manuscript also covers 

physiological and cyto-histological assessments. 

* We changed the title in: “Cyto-histological and morpho-physiological 

responses of common duckweed (Lemna minor L.) to chromium” 

 - Lines 46-49 (Abstract): 'Plants under pollution stress reduced 

respiration and consequently required less photosynthate. The lower 

request for triose determined the higher storage of starch, therefore the 

availability of triphosphate for the production of ATP decreased and the 

photosynthesis was further slowed.' This part of the abstract is just 

assumption. These processes were not directly assayed in the study. 

* We substituted this part with: “The data suggest a correlation between 

starch storage and reduced growth. There was greater inhibition of plant 

growth than inhibition of photosynthesis, resulting in a surplus of 

carbohydrates that may be stored as starch.” (Lines 45-47)   



 

 - Line 64: Terminologically FM is the maximal fluorescence yield of a 

dark adapted plant sample measured during a single saturation pulse. 

According to the subchapter '2.1 Maximum quantum yield of photosystem II' 

('Materials and Methods') this parameter was measured instead of the 

light adapted FM' as it was indicated in the 'Abbreviations'. 

* We inserted the correct definition in the ‘Abbreviations’:  

FM  Maximum fluorescence in the dark-adapted state  

- Line 132: effects of chromium instead of Co2+ were assessed. 

* There was a mistake, we carried out the correction (Line 119) 

 - Lines 139-146 (subchapter 2.1 'Plant material'): Experimental 

conditions shall be interpreted more detailed: Was the illumination 

continuous or photoperiod? What was the vessel used for treatments? What 

was the treating volume? Was it static or semi-static? If test conditions 

were set according to international guidelines (e.g OECD, ISO) it should 

be also indicated. The clone or the origin of plant material is not 

indicated only in the 'Introduction' chapter (Line 133). It is not 

expressed whether the applied mg/L concentrations refer to potassium 

dichromate, chromate/dichromate or chromium. 

* We reported the details required about the experimental set-up in the 

‘Material and Methods’ section (Lines 129-145). 

- Lines 146 and 161 are confusing: Line 146 says that there were 3 

replicates in one experiment while Line 161 suggests 3 independent 

experiments. According to the 'Results' chapter the former one stands but 

it should be clarified. 

* Really we reported the representative experiment of three, for this 

representative experiment three replicates were carried out. It is now 

reported more clearly in the text (Lines 114-145).   

 - Duckweed leaves are usually called fronds. It is not consistently used 

in the manuscript: for growth rates 'frond' was the basic unit but for 

physiological and cyto-histological analyses the term 'leaf' was used. 

That should be unified. 

* We unified the term 

- Lines 222-224: it is not indicated what was the software applied for 

statistical analyses. 

* We reported the software applied for statistical analyses: the Analysis 

ToolPak, an Excel add-in program 

- Subchapter 3.4 'Evaluation of starch content': Although starch 

accumulation of treated plants is clearly visible in Fig. 2 it could be 

quantified by e.g. image analysis to better interpret this response.  

* We analysed the starch content using the software of image analysis 

“ImageJ” and reported the results in the new Table 1. 

- Figure legends - Fig 2D: 'TEM picture of parenchymatic cells of control 

leaves, in chloroplast (black arrows) thylakoid membranes were organized 

in grana and little starch grains were present' Black arrows are missing 

from Fig. 2D. 

* In figure D we inserted black arrows to indicate the chloroplast  

 - Table 1: the presented data seems redundant as one can easily 

standard errors are with different length. The authors should consider 

presenting only the average±SE/SD growth rates graphically instead of 

table. 

* We substituted Table 1 with a graph (Fig. 1A) 

 - Table 1, Figs 1, 3, 4: points should be used as decimals instead of 

commas. 

* We made the variations required 



 - The manuscript needs thorough spell check. Some sentences are with 

different font size. In the 'Discussion' and 'Conclusions' chapters CrVI 

is used as 'CR(VI)' in contrast with the abbreviations. 

* We standardized the font size 

 



Dear Editor 

I would like to submit the revised manuscript "Effects of chromium on the growth of common 

duckweed (Lemna minor L.) " (Ref.: Ms. No. CHEM37218) for publication in "Chemosphere". We 

appreciated the constructive comments of the reviewers, which have greatly improved the article. 

We modified our paper according to their suggestions and now we hope that it is suitable for 

publication. 

Our responses to the comments of the single reviewers are reported in the response to reviewers.  

Best regards, 

Lara Reale 
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Reviewer #2: 

Review of CHEM37218 „ " 

Chromium is considered to be amongst the most harmful anthropogenic threats to natural 

surface waters. Several studies have concerned with reveal the effects of this heavy metal but the 

sensitivity and tolerance mechanisms in plants are still poorly understood especially in aquatic 

species. The authors address this question: how chromium might effect the growth and physiology 

of Lemna minor, an aquatic macrophyte species used frequently in biomonitoring of environmental 

contaminants.  

Basically they planned properly the experiment with different chromium treatments but there 

is no description whether they performed only a single experiment or the reported results came 

from a representative experiment. 

* Reported results came from a representative experiment of three (see line 144).    

I have some suggestions and comments to improve the manuscript: 

1)The number of lines is not continuous in the manuscript, please see from Chapter 3. 

* It is true, we corrected the mistake. 

2) More details are required on experimental set-up. 

* We reported the details required about the experimental set-up in the ‘Material and 

Methods’ section (Lines 129-145). 

3) It is also important to give the concentrations of Cr instead of the salt. This makes the 

comparison easier with results of other studies. I suggest the use of molar concentration. 

* The concentration is now reported as both concentration of potassium dichromate and as 

molar concentration of Cr. (Lines 133-139) 

4) I strongly recommend a thorough revision of the manuscript to improve grammar, 

spelling and especially clarity. There are some unclear sentences e.g. Line 132-133 In the present 

paper we investigated the extent to which Co2+  altered starch accumulation in L. minor clone 

9441 and  attempted to determine the underlying mechanism(s). Why Co2+ ? 

* The article was revised by a native English speaker to improve grammar and spelling. 

About the sentence at Line 119, there was a mistake the correct name is CR(VI) and not Co2+. 

 

Reviewer #4: Reviewers notes to the authors on manuscript No. CHEM37218 ('Effects of 

chromium on the growth of common duckweed (Lemna minor L.)') 

 

General remarks 

The manuscript fits the aims and scope of the Environmental Toxicology and Risk 

Assessment section of Chemosphere. Its questions are clearly addressed and the applied methods 

are appropriate to answer them. The results are well documented and the conclusions are in line 

with them. The manuscript, however, needs thorough improvement from several aspects before its 

publication. The most basic weaknesses are as follows: 

*Response to reviewers/editor in question & answer format (word file)
Click here to download Response to reviewers/editor in question & answer format (word file): Response_ to_ Reviewers.doc

http://ees.elsevier.com/chem/download.aspx?id=1356683&guid=81220411-04a8-463a-8765-cd358c8a099f&scheme=1


- The 'Materials and Methods' and 'Results' chapters suggest that the treatments were 

conducted only once with three parallel samples (see specific notes). Standardized laboratory 

experiments can be easily reproduced. The findings of the study would be better supported if the 

experiments were replicated and at least the growth rates were analyzed in larger sample numbers. 

* Reported results came from a representative experiment of three, as now correctly 

reported at lines 144-145.  

- Although section 2.10 ('Statistical analysis') indicates that the results were analyzed 

statistically it is scarcely indicated in the 'Results' chapter (they appear only regarding the 

physiological parameters) and is completely missing from Table 1 and figures 1 and 3.  

* Missing data concerning statistical analysis are now reported. 

Specific remarks 

- The line numbering (mandatory for submitting manuscripts to Chemosphere) stops after 

the 'Materials and Methods' chapter. Thus specific remarks regarding the 'Results' and 'Discussion' 

chapters hereafter are referred only by their subchapter. 

* It is true, we corrected the mistake. 

- According to Chemosphere's guide for authors manuscript's length should not exceed 6000 

words including figures and tables (300 words each). The manuscript is ~5800 words + 5 figures + 

1 table that is considerably longer.  

* We tried to reduce the text and the number of figures (by merging multiple graphs in a 

single figure) in order to respect the limit of 6500 words reported in the author’s instruction. We 

hope it will be sufficient; a further reduction could make the work less comprehensible 

- The title 'Effects of chromium on the growth of common duckweed (Lemna minor L.)' is a 

bit overly simplistic as the manuscript also covers physiological and cyto-histological assessments. 

* We changed the title in: “Cyto-histological and morpho-physiological responses of 

common duckweed (Lemna minor L.) to chromium” 

 - Lines 46-49 (Abstract): 'Plants under pollution stress reduced respiration and 

consequently required less photosynthate. The lower request for triose determined the higher 

storage of starch, therefore the availability of triphosphate for the production of ATP decreased 

and the photosynthesis was further slowed.' This part of the abstract is just assumption. These 

processes were not directly assayed in the study. 

* We substituted this part with: “The data suggest a correlation between starch storage and 

reduced growth. There was greater inhibition of plant growth than inhibition of photosynthesis, 

resulting in a surplus of carbohydrates that may be stored as starch.” (Lines 45-47)   

 

 - Line 64: Terminologically FM is the maximal fluorescence yield of a dark adapted plant 

sample measured during a single saturation pulse. According to the subchapter '2.1 Maximum 

quantum yield of photosystem II' ('Materials and Methods') this parameter was measured instead of 

the light adapted FM' as it was indicated in the 'Abbreviations'. 

* We inserted the correct definition in the ‘Abbreviations’:  



FM  Maximum fluorescence in the dark-adapted state  

- Line 132: effects of chromium instead of Co2+ were assessed. 

* There was a mistake, we carried out the correction (Line 119) 

 - Lines 139-146 (subchapter 2.1 'Plant material'): Experimental conditions shall be 

interpreted more detailed: Was the illumination continuous or photoperiod? What was the vessel 

used for treatments? What was the treating volume? Was it static or semi-static? If test conditions 

were set according to international guidelines (e.g OECD, ISO) it should be also indicated. The 

clone or the origin of plant material is not indicated only in the 'Introduction' chapter (Line 133). It 

is not expressed whether the applied mg/L concentrations refer to potassium dichromate, 

chromate/dichromate or chromium. 

* We reported the details required about the experimental set-up in the ‘Material and 

Methods’ section (Lines 129-145). 

- Lines 146 and 161 are confusing: Line 146 says that there were 3 replicates in one 

experiment while Line 161 suggests 3 independent experiments. According to the 'Results' chapter 

the former one stands but it should be clarified. 

* Really we reported the representative experiment of three, for this representative 

experiment three replicates were carried out. It is now reported more clearly in the text (Lines 114-

145).   

 - Duckweed leaves are usually called fronds. It is not consistently used in the manuscript: 

for growth rates 'frond' was the basic unit but for physiological and cyto-histological analyses the 

term 'leaf' was used. That should be unified. 

* We unified the term 

- Lines 222-224: it is not indicated what was the software applied for statistical analyses. 

* We reported the software applied for statistical analyses: the Analysis ToolPak, an Excel 

add-in program 

- Subchapter 3.4 'Evaluation of starch content': Although starch accumulation of treated 

plants is clearly visible in Fig. 2 it could be quantified by e.g. image analysis to better interpret this 

response.  

* We analysed the starch content using the software of image analysis “ImageJ” and 

reported the results in the new Table 1. 

- Figure legends - Fig 2D: 'TEM picture of parenchymatic cells of control leaves, in 

chloroplast (black arrows) thylakoid membranes were organized in grana and little starch grains 

were present' Black arrows are missing from Fig. 2D. 

* In figure D we inserted black arrows to indicate the chloroplast  

 - Table 1: the presented data seems redundant as one can easily calculate one from the 

other: 

decimal places of averages and standard errors are with different length. The authors should 

consider presenting only the average±SE/SD growth rates graphically instead of table. 

* We substituted Table 1 with a graph (Fig. 1A) 



 - Table 1, Figs 1, 3, 4: points should be used as decimals instead of commas. 

* We made the variations required 

 - The manuscript needs thorough spell check. Some sentences are with different font size. In 

the 'Discussion' and 'Conclusions' chapters CrVI is used as 'CR(VI)' in contrast with the 

abbreviations. 

* We standardized the font size 
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 33 

Abstract 34 

Along Chromium represents with cadmium, lead, mercury and other heavy metals, chromium is 35 

an important environmental pollutant, mainly concentrated in the areas of intense anthropogenic 36 

pressure. Plant tolerance to heavy metals requires morpho-physiological mechanisms that are 37 

still poorly understood, especially in aquatic plant species. We verified tThe effect of potassium 38 

dichromate on Lemna minor populations was tested using the growth inhibition test. but also 39 

cCyto-histological and physiological analyseis were also conducted to aid in, which enabled us 40 

to understanding the strategies utilized used by the plants during the expositionure to the 41 

chromium. The tTreatment with potassium dichromate determined caused a reduction in growth 42 

rate and frond size in all treated plants and especially at the highest concentrations of the 43 

pollutant. Significant variations in leaf size were observed only at the highest concentration of 44 

the potassium dichromate; aAt thoesese concentrations the alteration of the photosynthetic 45 

pathway was also altered as shown by demonstrated by the decrease of maximum quantum 46 

yield of photosystem II and the chlorophyll b content and by the chloroplast ultrastructural 47 

modifications. The sStarch storage was also investigated by microscopical observations., Iit was 48 

the highest at the high concentrations of the pollutant. The data suggested a correlation between 49 

the starch storage and the reduced growth; there was greater inhibition of plant growth than 50 

inhibition of photosynthesis, resulting in a surplus of carbohydrates that may be stored as starch 51 

Plants under pollution stress reduced respiration and consequently required less photosynthate. 52 

The lower request for triose determined the higher storage of starch, therefore the availability of 53 

triphosphate for the production of ATP decreased and the photosynthesis was further slowed.  54 

Our The investigation helps to understand the mechanism related to heavy metal tolerance of 55 

Lemna minor and supplies information about the behavior of this species widely used as a 56 

biomarker. 57 

 58 

 59 
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 81 

1. Introduction 82 

Ions and nNon-essential heavy metals, such as cadmium (Cd), chromium (Cr), lead (Pb) and 83 

mercury (Hg) are very important environmental inorganic pollutants, concentrated in areas 84 

characterized by the presence of waste products of many industrial processes. Heavy metals 85 

produce toxic effects for the plants due to interactions they establish with the cellular 86 

components via covalent and/or ionic bonds which are the result of the cellular metabolic 87 

activity alteration (Bruins et al, 2000). 88 

Cr is a widespread contaminant entering the air, water and soil environment through different 89 

industrial activities such as iron and steel manufacturing, chromium leather, chromium plating, 90 

wood preservation and other anthropogenic activities. It exists in the environment in two stable 91 

forms: chromium (III) and chromium (VI) originated originating through from natural processes 92 

and human activities. 93 

Cr
VI

 compounds are highly reactive, mobile and easily soluble in water. These properties cause 94 

several environmental health risks, because Cr
VI

 compounds are highly toxic for aquatic 95 

organisms and are accumulated by their bodies. 96 

The phytotoxicity of both Cr
III

 and Cr
VI

 has been studied in many higher and lower plants. Cr
VI

 97 

is more phytotoxic than Cr
III 

(Han et al., 2004) and retards growth, reduces the number of 98 

palisade and spongy parenchyma cells of leaves, and increases the number of vacuoles and 99 

electron dense material along the walls of xylem and phloem (Han et al., 2004). Cr 100 

phytotoxicity can also result in inhibitioninhibit of seed germination, degradeation ofe pigment 101 

status, alter ration of nutrient balance, and, modifymodify antioxidant enzymes activity, and 102 

induce tion ofe oxidative stress in plants (Poschenrieder et al., 1991, Barcelo and Poschenrieder, 103 

1997, Panda and Choudhury, 2005). Apart from these effects, Cr can also alter the chloroplast 104 

and membrane ultrastructure in plants (Bassi et al., 1990, Panda and Choudhury, 2005). More 105 

inIn greater detail, Cr inhibits photosynthesis and the PSII is known to be the main target, also 106 

in relation to structural changes within the PSII complex (Fasulo et al., 1983; Bishnoi et al., 107 

1993; Davies et al., 2002; Shanker et al., 2005; Ait Ali et al. 2006; Rocchetta et al., 2006; Olah 108 

et al., 2010). The uptake of Cr
VI

 is thought to be an active mechanism performed by carriers for 109 

the uptake of essential elements such as sulphate (Kim et al., 2006; Cervantes et al., 2001). Cr 110 

competes with Fe, S, and P for carrier binding (Shanker et al., 2005). The hHeavy metals cannot 111 

must be extracted from polluted areas but they cannot be degraded in the environment like other 112 

organic xenobiotics but they must be extracted from a polluted area (Augustynowicz et al., 113 

2010). Methods uUsing living plants to remove metal ions from a polluted area with organic 114 

and inorganic compounds are is commonly called phytoremediation. 115 

One of the most important aquatic familyies in phytoremediation research is Lemnaceae. 116 

Members of Lemnaceae, especially Lemna minor, are now test organisms also being commonly 117 
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used for routine ecotoxicological risk assessmentsextensively used asfor assessing the potential 118 

impact of environmental chemicals in ecotoxicology and plant physiology. The International 119 

Organization for Standardization (ISO) and the Organization for Economic Co-operation and 120 

Development (OECD) have developed standard growth inhibition tests using duckweeds, 121 

namely L. minor (clone St; clone no. 9441) and L. gibba (clone G3; clone no. 9260), 122 

respectively (ISO, 2004; OECD, 2004). Being important elements in primary production and in 123 

the food chain, sensitivity of such aquatic macrophytes to various toxic chemicals may impact 124 

the functioning of the whole aquatic ecosystem. 125 

Unpredictable industrial accidents could can result in high loads of toxic chemicals entering to 126 

the environment within short time intervals as happened to River Tisza in Hungary in 2000 127 

when heavy-metal and cyanide contamination entered the river and causeding an ecological 128 

catastrophe (Lakatos et al. 2003). Hence, For such considerations it is essential to predict the 129 

possible effects of toxic substances on vital processes and species composition of aquatic biota. 130 

Duckweed species are extensively used test organisms for assessment of potential impact of 131 

environmental chemicals in ecotoxicology and plant physiology (Environment Canada 1999). 132 

Duckweeds are is a freefloating plants showing with wide distribution in different types of 133 

aquatic ecosystems. In spite of their small size, they exhibit large great potential for vegetative 134 

reproduction and thereby rapid biomass growth, in fact they are known to be the fastest growing 135 

angiosperms (Ziegler et al., 2015). Being important elements in primary production and food 136 

chain, sensitivity of such aquatic macrophytes to various toxic chemicals may impact the 137 

functioning of the whole aquatic ecosystem. 138 

Olah et al., (2010) suggested that various duckweed species respond with different sensitivity to 139 

the same ambient environmental concentrations of Cr
(VI

) in the growth medium, and presumably 140 

to other environmental stresses too., which This may have an influence on their competitive 141 

relations when heavy metal pollution occurs in an aquatic ecosystem. 142 

In L. minor plants exposed to chromate (Appenroth et al., 2003) and nickel (Xyländer et al., 143 

1993; Appenroth et al., 2010), one of the evident effects was starch accumulation in plastids 144 

was one of the evident effects.  145 

High biomass production, especially when rich in starch, is of immense biotechnological 146 

importance (Sree and Appenroth, 2014; Zhao et al., 2015; Ziegler et al., 2015). In the present 147 

paper the extent to which Cr
VI

 altered starch accumulation in L. minor we was investigated the 148 

extent to which Co2
+
 altered starch accumulation in L. minor clone 9441 and we attempted to 149 

determine the underlying mechanism(s). 150 

We investigated the effects of Cr
(VI

) treatments on Lemna minor plants taking into account also 151 

the photosynthetic and cyto-histological parameters, which was in the past had been studied 152 

independently, and, for the first time to our knowledge, microanalysis of the frond sections was 153 

carriyng carried out for the first time, at our knowledge, the microanalysis on the leaf sections. 154 
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 156 

2. Materials and Methods 157 

2.1 Plant material 158 

The organisms were originally supplied by the “Friedrich-Shiller University of Jena - Botanic 159 

Institute” and the stock cultures were subcultured in the Test Facility BioTecnologie B.T.. 160 

The test was performed according to OECD Guideline for the testing of chemicals n° 221 161 

(“Lemna sp, Growth Inhibition Test”, adopted on 23 March 2006). 162 

Duckweed colonies with total of 12 fronds were taken from the stock culture and placed in 163 

crystallizer glass dishes with 100 mL nutrient solution (SIS growth medium, pH 6.5±0.2), 164 

containing different concentrations of potassium dichromate [0.50 mg/L (C1); 0.93 mg/L (C2); 165 

1.73 mg/L (C3); 3.22 mg/L (C4); 6.00 mg/L (C5)]; an untreated group was prepared using 100 166 

mL of SIS growth medium. 167 

Expressed as concentrations of chromium, the test concentrations were the following: 3.4 M 168 

(C1); 6.3 M (C2); 11.7 M (C3); 21.9 M mg/L (C4); 40.7 M (C5). 169 

Cultures were grown in an incubator chamber at 24±2°C and continuous illumination in the 170 

range 6500 - 10000 Lux. 171 

The toxicity of potassium dichromate was assessed after seven days of exposure, under static 172 

conditions.  173 

Three replicates (test vessels) were carried out for each untreated and treated group.   174 

The plants were grown in the lab of “Biotecnologie B.T. Srl”, Todi (Italy), in the Swedish 175 

Standard culture medium as required in the “OECD Guidelines for the testing of chemicals” 176 

(OECD 221). Temperature was maintained at 24 ± 2 °C and plants were exposed to a light 177 

intensity ranging from 6500 to 10000 Lux. Plants were treated with five different concentrations 178 

of potassium dichromate [0.5 mg/L (C1); 0.93 mg/L (C2); 1.73 mg/L (C3); 3.22 mg/L (C4); 6 179 

mg/L (C5)] for seven days. A control was also prepared of untreated Lemna minor plants kept in 180 

the same conditions. Three replicates were carried out for each untreated and treated group. The 181 

experiments were repeated three times and the results of one representative experiment are 182 

reported in this paper.    183 

 184 

2.2 Calculation of growth rates 185 

The average specific growth rate (µ) for a specific period (from time i to time j) was calculated 186 

as the slope of the logarithmic growth curve from the equation: 187 

µ  188 

 where: 189 

- µ : average specific growth rate from time i to time j 190 
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- Nti : number of fronds observed in the test or control vessel at time i 191 

- Ntj : number of fronds observed in the test or control vessel at time j 192 

 - ti : moment time at the start of the period 193 

 - tj : moment time at the end of the period 194 

 195 

The “i” corresponds to the start of experiment while the time “j” corresponds to seven days of 196 

treatment with potassium dichromate. Growth rates used for the calculation of inhibition were 197 

are usually given as the average of 3 independent experiments replicates (n=3). Errors given are 198 

standard errors of the mean or percentage of confidence interval (level 95%).  199 

 200 

2.3 Determination of leaffrond size 201 

Images of the leavesfronds were taken using a stereo-microscope and quantified by the Leica 202 

IM 1000 software. 203 

 204 

2.4 Cyto-histological observations 205 

To obtain semi-thin and ultra-thin sections, leaf portions of fronds were fixed in 3% (w/v) 206 

glutaraldehyde in 0.075 M phosphate buffer, pH 7.2, for 5h. The samples were then washed four 207 

times for 15 min in 0.075 M phosphate buffer, pH 7.2, post-fixed in 1% (w/v) OsO4, dehydrated 208 

in increasing concentrations of ethanol and, finally, embedded in resin (Epon, 2-209 

dodecenylsuccinic anhydride, and methylnadic anhydride mixture) (Reale et al. 2014).  210 

The semi-thin sections (1–2 µm) were cut with an ultramicrotome (OmU2, Reichert, 211 

Heidelberg) equipped with a glass blade, stained with 0.5% (w/v) toluidine blue in 0.2 % 212 

NaHCO3 buffer and observed under a light microscope (DMLB, Leica, Wetzlar, Germany). 213 

Semi-thin sections were also stained by Periodic Acid Schiff’s reaction (O’Brien and McCully, 214 

1981). Semi-thin sections were placed in 0.5% periodic acid for 30 min, rinsed with tap and 215 

demineralised water and placed in Schiff’s reagent for 15 min; finally sections were washed 216 

with tap water, SO2 water and then with demineralized water. Slides were observed under a 217 

light microscope; the presence of starch was indicated by a magenta colour, while proteins 218 

appeared blue. 219 

 220 

2.5 Evaluation of starch content 221 

To evaluate the starch content, semi-thin sections of leavesfronds were treated with sodium 222 

metoxide and methanol to remove the resin. After deresination, sections were rehydrated and 223 

treated with an iodine-potassium iodide solution (Johansen 1940) and observed under a light 224 

microscope. Starch grains appeared blue-dark blue colored. To quantify starch content, the 225 

image of each section was analysed by the image processing program “ImageJ” (Abramoff et 226 
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al., 2004). The amount of starch is reported as relative units (pixel m
−2

), calculated as the 227 

number of pixels, measured by the software, with respect to the surface observed (m
2
). 228 

 229 

2.6 Photosynthetic pigment analysis 230 

Samples were cut into small pieces and extracted with 80% acetone. Extracts were maintained 231 

at 4 °C until analyses analysis and all manipulations had beenwere performed in dim green safe 232 

light to avoid photo-degradation. 233 

Absorption spectra (400–750 nm range) of extracts were recorded at room temperature (25 °C) 234 

by the spectrophotometer. For Chls and carotenoids determinations, the extracts were measured 235 

at 661 nm (Chl a), 644 nm (Chl b), and 470 nm (carotenoids) and pigment concentrations were 236 

evaluated as mg/g of fresh substances according to the equations proposed by Wellburn (1994). 237 

 238 

2.7 Maximum quantum yield of photosystem II 239 

A portable pulse amplitude modulated (PAM) fluorometer (ADC OS1-FL, ADC BioScientific 240 

Ltd., Hoddesdon, UK) was used for in vivo measurements of chlorophyll fluorescence. 241 

Fluorescence measurements were performed on leavesfronds positioned onto a wet filter paper 242 

placed on the floor of the clip floor of the instrument. TIn the background fluorescence level F0 243 

was measured on the leavesfronds adapted to darkness for at least 20 min, the background 244 

fluorescence level F0 was measured. The maximum fluorescence level of PSII (FM) was 245 

obtained by exposing the sample to a saturating pulse of white light (0.8 s). The PSII maximum 246 

photochemistry was measured using the variable fluorescence ratios FV/FM = (FM - F0)/FM and 247 

FV/F0 = (FM - F0)/F0 (Lichtenthaler et al. 2005; Ferroni et al., 2013).  248 

 249 

2.8 TEM analysis 250 

TThe thin sections (0.08 µm) were cut with an ultramicrotome (OmU2, Reichert, Heidelberg) 251 

equipped with a glass blade, mounted on uncoated copper grids (200 mesh) and contrasted by 252 

adding uranyile acetate and an aqueous solution of lead nitrate. Observations were carried out 253 

with a transmission electron microscope (TEM 400 T; Philips, Monza, Italy). 254 

 255 

2.9 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) microanalysis 256 

Semi-thin sections were dehydrated and metalliszed with graphite by “Q150T Turbo-Pumped 257 

Sputter Coater/Carbon Coater” (Quorum Technologies Ltd., Laughton, United Kingdom); EDX 258 

microanalysis was performed in a Zeiss SEM LEO 1525 (LEO Electron Microscopy Inc., One 259 

Zeiss Drive, Thornwood, NY).  260 

 261 

2.10 Statistical analysis 262 
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Experiments and assays were carried out with three replicates unless otherwise indicated and 263 

data were averaged with standard error or standard deviation. P-value was obtained by t-test t 264 

with P < 0.01 or P < 0.05 considered to be significant. To perform the statistical analysis, the 265 

Analysis ToolPak, an Excel add-in program, was used. 266 

267 
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3. Results 269 

3.1 Growth rates and leaffrond size 270 

The average specific growth was calculated to investigate the influence of potassium dichromate 271 

in on the growth of Lemna minor (TabFig. 1A). After 7 days of treatment, an inhibition of 272 

growth in the treated samples was observed inhibited in the treated samples compared to the 273 

control. This dDecrease in the growth rate was evident starting from the lowest concentration of 274 

potassium dichromate (0.50 mg/L) and becomes became more pronounced rising from the 275 

lowest toat the highest concentrations. The effects on growth rate are thewere n dose-dependent 276 

and correlated to the increase of in the concentration of the heavy metal. After 7 days of 277 

treatment the leaffrond size in all treated samples was lower than in the control (Fig. 11B).. In 278 

samples treated with concentration of potassium dichromate between 0.5 to 3.22 mg/L (from C1 279 

to C4), leaf size was very similar while Iin samples treated with 6 mg/L (C5) the decrease of in 280 

the leaffrond size was more accentuated.  281 

 282 

3.2 Cyto-histological observations 283 

The cyto-histological structure of the control and treated leavesfronds was investigated by 284 

observation observing of semi-thin and thin sections  under light and electron microscope, 285 

respectively. In the control and treated samples, leavesfronds showed thehad an anatomical 286 

structure typical of aquatic plants; there were two single layered epidermises were observed 287 

with an aerenchyma rich of in intercellular spaces (Fig. 2A2A). In the control leavesfronds, 288 

parenchymatic cells were rich  in chloroplasts, which had a lenticular shape and were arranged 289 

close to the cell wall (Fig. 2B2B, C); in these chloroplasts thylakoid membranes were perfectly 290 

conformed arranged and organized in grana, little starch grains were also present, as shown  by 291 

semi-thin sections stained with Schiff’s reagent (Fig. 2C2C) and TEM pictures (Fig. 2D2D). In 292 

treated leavesfronds chloroplast maintained their conformation in C1, C2 and C3 samples, 293 

however after treatment with the highest concentration of potassium dichromate (C5, 6 mg/L), 294 

chloroplasts were very similar to amiloplast with a reduced presence of stroma, a thylakoid 295 

system constituted by few grana (Fig, 2E3E, F, G) and big starch grains.  296 

 297 

3.4 Evaluation of starch content 298 

The presence of starch was detected determined by staining with the iodine-potassium iodide 299 

solution. In the control leavesfronds, starch was poor and constituted consisted by of little starch 300 

grains inside plastid perfectly conformed organized (Fig. 2H2H). In treated leavesfronds, 301 

starting from lower concentrations of potassium dichromate, starch grains were more abundant 302 

than in the control samples; the presence of starch increase from treated treatment C1 (Fig, 2I2I) 303 

to treated C4 (Fig. 2J2J) and C5 (Fig. 2K2K). In treated C5 starch grains completely occupied 304 

plastids that had lost their original shape and appeared similar to amyloplasts (Fig. 2L2L). The 305 
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amount of starch in the control and treated fronds, expressed by relative units (pixel m
−2

), is 306 

reported in Table 1; the quantitative analyses confirmed the qualitative observations, that the 307 

presence of starch increased from control to treated samples, with statistically significant 308 

differences in samples C3, C4 and C5.   309 

 310 

3.5 Physiological analysis 311 

Data from pigment analysis of control and treated plants were are reported in Fig. 33A. The 312 

content of chlorophyll a was variable but not significantly different in the control or treated 313 

plants, . the The same was true consideration is valid for the carotenoid content. The content of 314 

chlorophyll b decreased in treated C4 and C5 and was significantly lower than in the control; in 315 

C1, C2, and C3 and C4treated samples, however, the chlorophyll b content did not significantly 316 

differ from the control. 317 

As shown by the graphs in by the graphs (Fig. 43B), the effect of potassium dichromate in on 318 

the maximum efficiency of PSII (photosystem II) was dose-dependent, and clearly more 319 

pronounced at the higher concentrations of chromium. In the C1 samples, which were treated 320 

with the lower lowest concentration of potassium dichromate, there were no significant effects 321 

in terms were observed in terms of FV/FM ratio. For those samples the values of FV/FM (0.737) 322 

were not significantly different from those of the control (0.775; p = 0.2189). However, starting 323 

from C2 samples, there were increasing differences were observed,with C4 and C5 being the 324 

most affected ones with FV/FM being below 0.700 (Fig. 43B). The PSII photochemistry was also 325 

estimated as a FV/F0 ratio since it shows a wider dynamic range of variation with respect to 326 

FV/FM, and thus is more sensitive to highlight the effect of stress (Lichtenthaler et al., 2005). 327 

Considering the FV/F0 ratio, more the most significant differences from the control were in 328 

samplesand C2 to C5 treated sample were observed (Fig. 43B). For both values of variable 329 

fluorescence ratios, the most marked differences compared to the control were in C3 and even 330 

more so in C4 and C5 samples, the most marked differences compared to the control were 331 

observed. 332 

 333 

3.6 Microanalysis 334 

The microanalysis was carried out in sections obtained from different portions of leavesfronds 335 

of treated and control plants. In the control and C1 samples no traces of CrCr were observed 336 

(Fig. 5A4A). In the samples C2, C3, C4 (Fig. 5B4B) and C5 there were only small  traces of 337 

CrCr were observed in increasing amounts; the highest values were observed in the sample C5 338 

(Fig. 5C4C), which was treated with the highest concentrations of potassium dichromate.  339 

340 
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 341 

4. Discussion 342 

Cr is the seventh most abundant metal in the earth’s crust and in the hexavalent form is one of 343 

the major sources of environmental pollution. The reason of its toxicity in the plant systems, 344 

appears to be due to its rapid permeability through biological membranes and subsequent 345 

interaction with intercellular proteins and nucleic acids.  346 

Our data contribute to understanding the mechanism related to Cr tolerance on the test organism 347 

test Lemna minor, which is usually used as a biomarker to biomonitor municipal, agricultural 348 

and industrial discharge. 349 

The effects of Cr were observed in L. minor since from the lowest concentrations, as 350 

demonstrated by the decrease of growth rate in all treated samples, but the highest effects were 351 

observed at the highest concentration of the heavy metal. The growth reduction in growth was 352 

paired to a decrease of in leaffrond size, which was more accentuated at the concentration of 6 353 

mg/L, while between 0.5 and 3.22 mg/L (from C1 to C4 samples) leaffrond size was more 354 

similar to the size that of the control, although always lower than it. The dDecrease in the 355 

number of leaffronds number washas also been observed also in other plants treated with Cr 356 

such as wheat (Sharma and Sharma , 1993) and bean (Barcelo et al., 1985), while theand 357 

reduction of in leaffrond size has been was already knownreported in spinach (Singh, 2001). 358 

The rReduction of the growth rate and leaffrond size may be related at the molecular level to an 359 

inhibition of cell division or elongation resulting from oxidative stress (Karuppanapandian and 360 

Kim, 2013; Palit et al., 1994). .  The rReduction of the growth rate was also observedhas also 361 

been reported in Lemna minor plants after treatment with Co 
2+

 (Sree at al., 2015). During the 362 

the cobalto treatment no differences in the chlorophyll content and PSII activity were observed 363 

after 4 days but only after seven 7 days, suggesting that the duckweed growth is initially 364 

inhibited to a greater extent than photosynthesis (Sree at al., 2015). However, The the treatment 365 

of Lemna with Cr
VI

Cr (VI) affected however the chlorophyll fluorescence parameters also after 366 

a short- term treatment (48 h H long) (Oláh et al., 2010); this treatment did not affected 367 

photosyhthetic pigments as strongly as (Sree at al., 2015). Concentrations of Chls and 368 

carotenoids decreased in the presence of Cr
VI

,Cr (VI) but not statistically significant differences 369 

were observed in relation to various Cr
VI

Cr (VI) concentrations. Our data, after seven days of 370 

treatment, collected after seven days of treatment confirmed the little small variation in the 371 

pigment contents determined caused by the Cr
VI 

treatment of Cr (VI). There was A a reduction 372 

in the chlorophyll b content was observed in the treatedof samples C4 and C5 samples, after 373 

seven days, while there was no variation was observed aboutin chlorophyll a and carotenoid 374 

concentrations.  375 

The decrease in chlorophyll b could be due to destabilization and degradation of the peripheral 376 

PSII antenna complex (Shanker at al., 2005). D The damages of PSII reaction centers were was 377 
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also demonstrated by the the measurementing of the maximum efficiency of PSII. In the the 378 

treated plants the observed decrease of in FV/FM and FV/F0 indicates was representative of a 379 

photo-inhibitory damage to the reaction center of PSII. This decline was due Responsible forto 380 

this decline was the increase of in the minimum fluorescence (F0) as shown by the comparison 381 

of FV/FM and FV/F0, the latter being much more affected. The increase of F0 was is considered an 382 

expression of irreversible damage to PSII resulting in an increased fraction of energy lost by 383 

fluorescence emission, so that leaves suffered from excess of light (Bussotti et al., 2011). It has 384 

been reported earlier that hexavalent chromium alters the distribution of excitation energy via 385 

regulated and nonregulated non-photochemical dissipation (Ali et al.,  2008;, Perreault et al., 386 

2009). The reduction in photosynthetic activity and chlorophyll content was also paired 387 

corresponded to modifications in the plastid structure. Van Assche and Clijster (1983) suggested 388 

that the overall effect of Cr ions on photosynthesis and excitation energy transfer could also be 389 

due to Cr
VI

 Cr(VI)- induced abnormalities in the chloroplast ultrastructure such as  a poorly 390 

developed lamellar system with widely spaced thylakoid and fewer grana. Starting from the C4 391 

sample the chloroplasts were very similar to amyiloplast with a reduced presence of stroma, a 392 

thylakoid system constituted by few grana and big large starch grains. In the C5 sample the 393 

starch grains occupied the plastid almost completely the plastid. Our studies confirmmed the 394 

hypothesis of Bassi et al. (1990), who suggested that the presence of chromium damaged 395 

damages the plasma membrane and the proplastids failed to develop in the normal chloroplasts 396 

determining resulting in the observed ultrastructural alterations observed. 397 

The accumulation of starch in the plastids of the treated samples could be due to one of the 398 

following mechanisms, besides others: (1) inhibition of export of photosynthate from source to 399 

sink organs, leading to an accumulation of low-molecular-weight carbohydrates which might 400 

serve as substrates for starch biosynthesis; (2) inhibition of plant growth to a larger extent than 401 

inhibition of photosynthesis, resulting in a surplus of carbohydrates that may be stored as starch 402 

(Sree et al., 2015). Often, starch accumulation under heavy metal stress is considered to be a 403 

consequence of the inhibition of carbohydrate transport from leaves, which act as source for 404 

non-photosynthetic sinks (Herren and Feller, 1997). Due to the fact that duckweeds have has a 405 

low level of tissue differentiation, this model (mechanism 1) does not hold true for duckweeds 406 

(Appenroth et al., 2010), and hence we suggest a correlation between the inhibition of plant 407 

growth and the starch storage. . Sree et al. (2015) concluded that after exposure with Co 
2+

 408 

duckweed growth is initially (four days in experimental setup) inhibited to a greater extent than 409 

photosynthesis resulting in surplus carbohydrates and starch accumulation; thereafter, 410 

photosynthesis declines in the presence of Co
2+

 leading to restricted availability of 411 

carbohydrates, while at the same time the initially stored starch is remobilisedremobilized. 412 

 413 

5. Conclusions 414 
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Our data demonstrated that after seven days of treatment the effects of Cr
VI

Cr (VI) on the 415 

functioning of photosynthetic apparatus involve the oxidative damages to photosynthetic 416 

pigment rather than the inhibition of synthesis as suggested after a short treatment ( 48 h) by 417 

Oláh et al. (2010). Cr
VI

Cr(VI)  presumably could not fundamentally interfere with the Chl 418 

synthesis, so the measured rise in Fo F0 values might evolve from inhibited energy transfer from 419 

antenna to reaction centrecenter. 420 

Our data also suggested also a correlation between the starch storage and the reduced growth 421 

but it would be interesting to measure test the starch content in after a short period of treatment, 422 

as has been carried out with Co 
2+

 (Sree et al., 2015). 423 

Finally, the microanalysis results suggested that Cr was accumulated only in small quantities in 424 

the leavesfronds of Lemna minor. Probably, as observed by Nematshahi et al. (2012) in Allium 425 

cepa, Cr is first accumulated in roots, that arewhich was not done is not observed in this workin 426 

the present study, and successively transported to the aerial part of the plant, where it can have a 427 

direct impact on the cellular metabolism of shoots.  428 

 429 
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 550 

Figure Legends 551 

Fig. 1 Growth rates and frond size. A) Average specific growth rate of Lemna minor from 552 

moment time 0 to 7 (days) at different concentrations of potassium dichromate; B) Frond size in 553 

control and treated (C1, C2, C3, C4, C5) samples. Data ± standard error were reported in the 554 

graphs. Asterisks indicate significant differences from the control (*, p ≤ 0.05; **, p ≤ 0.01)  555 

Fig. 1 Leaf size in control and treated (C1, C2, C3, C4, C5) samples. In graphs data ± standard 556 

error were reported. 557 

 558 

Fig.2 2 Cyto-histological observations. A-B) Transversal semi-thin sections of control 559 

leavesfronds stained with toluidine blue;, the two epidermis and the parenchymatic tissues, with 560 

big large intercellular spaces, are evident; C) Transversal semi-thin section stained with Schiff’s 561 

reagent, starch grains inside chloroplast appeared purple colored; D) TEM picture of 562 

parenchymatic cells of control leavesfronds;, in chloroplast (black arrows) thylakoid membranes 563 

wereare organized in grana and little small starch grains were are present; E) transversal semi-564 

thin section of leaffrond of a C5 sample, chloroplasts (black arrows) were very similar to 565 

amiloplastamyloplast; F-G) TEM pictures of parencymatic cells of C5 samples in which few 566 

grana and big starch grains were observedcan be seen; H-L) Transversal semi-thin sections of 567 

leavesfronds stained with iodine-potassium iodide solution; few starch grains (black arrows) 568 

were observedcan be seen in control leavesfronds (H) while there is an increase the presence 569 

ofin starch increase from treated C1 (I) to treated C4 (J) and C5 (K,L). e = epidermis; is = 570 

intercellular space; s = starch grains. 571 

 572 

Fig. 3 3 Physiological analysis. A) Effect of treatment with potassium dichromate [0.5 mg/L 573 

(C1); 0.93 mg/L (C2); 1.73 mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)] on the content of 574 

chlorophyll a, chlorophyll b and carotenoids. In graphs dData ± standard error were are reported 575 

in the graph; B) Measurement of maximum efficiency of PSII both in terms of Fv/Fm (Fm-576 

F0/Fm) and Fv/F0 (Fm-F0/F0) ratio at different concentrations of potassium dichromate  [0.5 577 

mg/L (C1); 0.93 mg/L (C2); 1.73 mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)]. Fm = maximum 578 

fluorescence level of PSII; F0 = background fluorescence level. In graphs data ± standard 579 

deviations were reported. Presence of asterisks indicates significant differences from the control 580 

(*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).. 581 

 582 

Fig. 4 Measurement of maximum efficiency of PSII both in terms of Fv/Fm (Fm-F0/Fm) and 583 

Fv/F0 (Fm-F0/F0) ratio at different concentrations of potassium dichromate  [0.5 mg/L (C1); 584 

0.93 mg/L (C2); 1.73 mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)]. Fm = maximum fluorescence 585 

level of PSII; F0 = background fluorescence level. In graphs data ± standard deviations were 586 
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reported. Presence of asterisks indicates significant differences from the control (*, p ≤ 0.05; **, 587 

p ≤ 0.01; ***, p ≤ 0.001).  588 

 589 

Fig. 5 4 Pictures of leavesfronds at Scanning electron microscopy (SEM) and energy dispersive 590 

X-ray (EDX) microanalysis to detect chromium storage after treatment with potassium 591 

dichromate. In C1 samples no traces of chromium were observed (Fig. 5A4A), in the samples 592 

C4 (Fig. 5B4B) and C5 (Fig. 5C4C) only small  traces of chromium were observed in increasing 593 

amounts. 594 

 595 

 596 

 597 

 598 

599 
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 600 

Tab. 1 Average specific growth rate of Lemna minor from moment time 0 to 7 (days) at 601 

different concentrations of Potassium dichromate. Symbol “LN” refers to natural logarithm. 602 

Errors given are standard errors of the mean. 603 

CONC. 

(mg/L) Replicas 

N° fronds 

T0 

N° fronds 

T7 LN LN µ average µ 
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Tab. 1 Starch amount in the adventitious roots (pixel m
−2

 ± standard error). Presence of 604 

asterisk indicates significant differences from the control (p ≤ 0.01). 605 

Sample pixel m-2 

Control 1100.18 ± 0.04 

C1 2230.52 ± 0.25 

C2  1970.73 ± 0.13 

C3 1340.45 ± 0.03 * 

(Fronds T0) (Fronds T7) 

0,00 

CTRL A 12 102 2,48 4,62 0,31 

0,30 ± 0,001 CTRL B 12 100 2,48 4,61 0,30 

CTRL C 12 101 2,48 4,62 0,30 

0,50 

C1A 12 82 2,48 4,41 0,27 

0,26 ± 0,012 C1B 12 75 2,48 4,32 0,26 

C1C 12 69 2,48 4,23 0,25 

0,93 

C2A 12 67 2,48 4,20 0,25 

0,22 ± 0,032 C2B 12 57 2,48 4,04 0,22 

C2C 12 43 2,48 3,76 0,18 

1,73 

C3A 12 46 2,48 3,83 0,19 

0,20 ± 0,029 C3B 12 60 2,48 4,09 0,23 

C3C 12 40 2,48 3,69 0,17 

3,22 

C4A 12 42 2,48 3,74 0,18 

0,19 ± 0,006 C4B 12 44 2,48 3,78 0,19 

C4C 12 46 2,48 3,83 0,19 

6,00 

C5A 12 43 2,48 3,76 0,18 

0,18 ± 0,005 C5B 12 42 2,48 3,74 0,18 

C5C 12 45 2,48 3,81 0,19 
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C4 2021.79 ± 0.05 * 

C5 4.27 ± 0.41 * 

C5 24 
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- Chromium represents an important environmental pollutant 

- We investigated the effects of Cr(VI) treatments on Lemna minor plants 

- Cr(VI) did not interfere with the Chl synthesis but with the energy transfer from antenna to reaction 

centre. 

- A correlation between the starch storage and the reduced growth was also observed.  

- Cr was accumulated only in small quantities in the leaves of Lemna minor 
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 33 

Abstract 34 

Along with cadmium, lead, mercury and other heavy metals, chromium is an important 35 

environmental pollutant, mainly concentrated in areas of intense anthropogenic pressure. The 36 

effect of potassium dichromate on Lemna minor populations was tested using the growth 37 

inhibition test. Cyto-histological and physiological analyses were also conducted to aid in 38 

understanding the strategies used by plants during exposure to chromium. Treatment with 39 

potassium dichromate caused a reduction in growth rate and frond size in all treated plants and 40 

especially at the highest concentrations. At these concentrations the photosynthetic pathway was 41 

also altered as shown by the decrease of maximum quantum yield of photosystem II and the 42 

chlorophyll b content and by the chloroplast ultrastructural modifications. Starch storage was 43 

also investigated by microscopic observations. It was the highest at the high concentrations of 44 

the pollutant. The data suggested a correlation between starch storage and reduced growth; there 45 

was greater inhibition of plant growth than inhibition of photosynthesis, resulting in a surplus of 46 

carbohydrates that may be stored as starch  47 

The investigation helps to understand the mechanism related to heavy metal tolerance of Lemna 48 

minor and supplies information about the behavior of this species widely used as a biomarker. 49 

 50 

 51 

Key words: Chromium; growth inhibition test; Lemna minor; photosystem II; plastid; starch. 52 
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 55 

Abbreviations 56 

Car Carotenoids 57 

Chl  Chlorophyll 58 

Cr  Chromium 59 

Cr
III

 Chromium (III) 60 

Cr
VI

 Chromium (VI) 61 

EDX Energy dispersive X-ray analysis 62 

FM  Maximum fluorescence in the dark-adapted state 63 

F0  Minimum fluorescence in the dark-adapted state 64 

FV  Variable fluorescence 65 

PAM Pulse amplitude modulated fluorimetry 66 

PSII Photosystem II 67 

SEM Scanning electron microscopy 68 

TEM  Transmission electron microscopy 69 

70 
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 71 

1. Introduction 72 

Non-essential heavy metals, such as cadmium (Cd), chromium (Cr), lead (Pb) and mercury (Hg) 73 

are very important environmental inorganic pollutants, concentrated in areas characterized by 74 

the presence of waste products of many industrial processes.  75 

Cr exists in the environment in two stable forms: chromium (III) and chromium (VI) originating 76 

from natural processes and human activities. 77 

The phytotoxicity of both Cr
III

 and Cr
VI

 has been studied in many higher and lower plants. Cr
VI

 78 

is more phytotoxic than Cr
III 

(Han et al., 2004) and retards growth, reduces the number of 79 

palisade and spongy parenchyma cells of leaves, and increases the number of vacuoles and 80 

electron dense material along the walls of xylem and phloem (Han et al., 2004). Cr 81 

phytotoxicity can also inhibit seed germination, degrade pigment status, alter nutrient balance, 82 

modify antioxidant enzymes activity and induce oxidative stress in plants (Poschenrieder et al., 83 

1991, Barcelo and Poschenrieder, 1997, Panda and Choudhury, 2005). Apart from these effects, 84 

Cr can also alter the chloroplast and membrane ultrastructure in plants (Bassi et al., 1990, Panda 85 

and Choudhury, 2005). In greater detail, Cr inhibits photosynthesis and the PSII is known to be 86 

the main target, also in relation to structural changes within the PSII complex (Fasulo et al., 87 

1983; Bishnoi et al., 1993; Davies et al., 2002; Shanker et al., 2005; Ait Ali et al. 2006; 88 

Rocchetta et al., 2006; Olah et al., 2010). Heavy metals must be extracted from polluted areas 89 

but they cannot be degraded in the environment like other organic xenobiotics (Augustynowicz 90 

et al., 2010). Using living plants to remove metal ions from a polluted area with organic and 91 

inorganic compounds is commonly called phytoremediation. 92 

One of the most important aquatic family in phytoremediation research is Lemnaceae. Members 93 

of Lemnaceae, especially Lemna minor, are now test organisms extensively used for assessing 94 

the potential impact of environmental chemicals in ecotoxicology and plant physiology. The 95 

International Organization for Standardization (ISO) and the Organization for Economic Co-96 

operation and Development (OECD) have developed standard growth inhibition tests using 97 

duckweed, namely L. minor (clone St; clone no. 9441) and L. gibba (clone G3; clone no. 9260), 98 

respectively (ISO, 2004; OECD, 2004). Being important elements in primary production and in 99 

the food chain, sensitivity of such aquatic macrophytes to various toxic chemicals may impact 100 

the functioning of the whole aquatic ecosystem. 101 

Unpredictable industrial accidents can result in high loads of toxic chemicals entering the 102 

environment within short time intervals as happened to River Tisza in Hungary in 2000 when 103 

heavy-metal and cyanide contamination entered the river causing an ecological catastrophe 104 

(Lakatos et al. 2003). Hence, it is essential to predict the possible effects of toxic substances on 105 

vital processes and species composition of aquatic biota. Duckweed is a freefloating plant with 106 

wide distribution in different types of aquatic ecosystems. In spite of their small size, they 107 
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exhibit great potential for vegetative reproduction and thereby rapid biomass growth, in fact 108 

they are known to be the fastest growing angiosperms (Ziegler et al., 2015).  109 

Olah et al., (2010) suggested that various duckweed species respond with different sensitivity to 110 

the same environmental concentrations of Cr
VI

 in the growth medium, and presumably to other 111 

environmental stresses too. This may have an influence on their competitive relations when 112 

heavy metal pollution occurs in an aquatic ecosystem. 113 

In L. minor plants exposed to chromate (Appenroth et al., 2003) and nickel (Xyländer et al., 114 

1993; Appenroth et al., 2010), one of the evident effects was starch accumulation in plastids.  115 

High biomass production, especially when rich in starch, is of immense biotechnological 116 

importance (Sree and Appenroth, 2014; Zhao et al., 2015; Ziegler et al., 2015). In the present 117 

paper the extent to which Cr
VI

 altered starch accumulation in L. minor was investigated and we 118 

attempted to determine the underlying mechanism(s). 119 

We investigated the effects of Cr
VI

 treatments on Lemna minor plants taking into account the 120 

photosynthetic and cyto-histological parameters, which in the past had been studied 121 

independently and, for the first time to our knowledge, microanalysis of the frond sections was 122 

carried out . 123 

  124 
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 125 

2. Materials and Methods 126 

2.1 Plant material 127 

The organisms were originally supplied by the “Friedrich-Shiller University of Jena - Botanic 128 

Institute” and the stock cultures were subcultured in the Test Facility BioTecnologie B.T.. 129 

The test was performed according to OECD Guideline for the testing of chemicals n° 221 130 

(“Lemna sp, Growth Inhibition Test”, adopted on 23 March 2006). 131 

Duckweed colonies with total of 12 fronds were taken from the stock culture and placed in 132 

crystallizer glass dishes with 100 mL nutrient solution (SIS growth medium, pH 6.5±0.2), 133 

containing different concentrations of potassium dichromate [0.50 mg/L (C1); 0.93 mg/L (C2); 134 

1.73 mg/L (C3); 3.22 mg/L (C4); 6.00 mg/L (C5)]; an untreated group was prepared using 100 135 

mL of SIS growth medium. 136 

Expressed as concentrations of chromium, the test concentrations were the following: 3.4 M 137 

(C1); 6.3 M (C2); 11.7 M (C3); 21.9 M mg/L (C4); 40.7 M (C5). 138 

Cultures were grown in an incubator chamber at 24±2°C and continuous illumination in the 139 

range 6500 - 10000 Lux. 140 

The toxicity of potassium dichromate was assessed after seven days of exposure, under static 141 

conditions.  142 

Three replicates (test vessels) were carried out for each untreated and treated group.   143 

The experiments were repeated three times and the results of one representative experiment are 144 

reported in this paper.    145 

 146 

2.2 Calculation of growth rates 147 

The average specific growth rate (µ) for a specific period (from time i to time j) was calculated 148 

as the slope of the logarithmic growth curve from the equation: 149 

µ  150 

 where: 151 

- µ : average specific growth rate from time i to time j 152 

- Nti : number of fronds observed in the test or control vessel at time i 153 

- Ntj : number of fronds observed in the test or control vessel at time j 154 

 - ti : time at the start of the period 155 

 - tj : time at the end of the period 156 

 157 
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The “i” corresponds to the start of experiment while the time “j” corresponds to seven days of 158 

treatment with potassium dichromate. Growth rates used for the calculation of inhibition are 159 

usually given as the average of 3 independent replicates (n=3).  160 

 161 

2.3 Determination of frond size 162 

Images of the fronds were taken using a stereo-microscope and quantified by the Leica IM 1000 163 

software. 164 

 165 

2.4 Cyto-histological observations 166 

To obtain semi-thin and ultra-thin sections, portions of fronds were fixed in 3% (w/v) 167 

glutaraldehyde in 0.075 M phosphate buffer, pH 7.2, for 5h. The samples were then washed four 168 

times for 15 min in 0.075 M phosphate buffer, pH 7.2, post-fixed in 1% (w/v) OsO4, dehydrated 169 

in increasing concentrations of ethanol and, finally, embedded in resin (Epon, 2-170 

dodecenylsuccinic anhydride, and methylnadic anhydride mixture) (Reale et al. 2014).  171 

The semi-thin sections (1–2 µm) were cut with an ultramicrotome (OmU2, Reichert, 172 

Heidelberg) equipped with a glass blade, stained with 0.5% (w/v) toluidine blue in 0.2 % 173 

NaHCO3 buffer and observed under a light microscope (DMLB, Leica, Wetzlar, Germany). 174 

Semi-thin sections were also stained by Periodic Acid Schiff’s reaction (O’Brien and McCully, 175 

1981). Slides were observed under a light microscope; the presence of starch was indicated by a 176 

magenta colour, while proteins appeared blue. 177 

 178 

2.5 Evaluation of starch content 179 

To evaluate the starch content, semi-thin sections of fronds were treated with sodium metoxide 180 

and methanol to remove the resin. After deresination, sections were rehydrated and treated with 181 

an iodine-potassium iodide solution (Johansen 1940) and observed under a light microscope. 182 

Starch grains appeared dark blue. To quantify starch content, the image of each section was 183 

analysed by the image processing program “ImageJ” (Abramoff et al., 2004). The amount of 184 

starch is reported as relative units (pixel m
−2

), calculated as the number of pixels, measured by 185 

the software, with respect to the surface observed (m
2
). 186 

 187 

2.6 Photosynthetic pigment analysis 188 

Samples were cut into small pieces and extracted with 80% acetone. Extracts were maintained 189 

at 4 °C until analysis and all manipulations were performed in dim green safe light to avoid 190 

photo-degradation. 191 

Absorption spectra (400–750 nm range) of extracts were recorded at room temperature (25 °C) 192 

by the spectrophotometer. For Chls and carotenoids determinations, the extracts were measured 193 
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at 661 nm (Chl a), 644 nm (Chl b), and 470 nm (carotenoids) and pigment concentrations were 194 

evaluated as mg/g of fresh substance according to the equations proposed by Wellburn (1994). 195 

 196 

2.7 Maximum quantum yield of photosystem II 197 

A portable pulse amplitude modulated (PAM) fluorometer (ADC OS1-FL, ADC BioScientific 198 

Ltd., Hoddesdon, UK) was used for in vivo measurements of chlorophyll fluorescence. 199 

Fluorescence measurements were performed on fronds positioned onto a wet filter paper placed 200 

on the floor of the clip floor of the instrument. The background fluorescence level F0 was 201 

measured on the fronds adapted to darkness for at least 20 min. The maximum fluorescence 202 

level of PSII (FM) was obtained by exposing the sample to a saturating pulse of white light (0.8 203 

s). The PSII maximum photochemistry was measured using the variable fluorescence ratios 204 

FV/FM = (FM - F0)/FM and FV/F0 = (FM - F0)/F0 (Lichtenthaler et al. 2005; Ferroni et al., 2013).  205 

 206 

2.8 TEM analysis 207 

Thin sections (0.08 µm) were cut with an ultramicrotome (OmU2, Reichert, Heidelberg) 208 

equipped with a glass blade, mounted on uncoated copper grids (200 mesh) and contrasted by 209 

adding uranyl acetate and an aqueous solution of lead nitrate. Observations were carried out 210 

with a transmission electron microscope (TEM 400 T; Philips, Monza, Italy). 211 

 212 

2.9 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) microanalysis 213 

Semi-thin sections were dehydrated and metallised with graphite by “Q150T Turbo-Pumped 214 

Sputter Coater/Carbon Coater” (Quorum Technologies Ltd., Laughton, United Kingdom); EDX 215 

microanalysis was performed in a Zeiss SEM LEO 1525 (LEO Electron Microscopy Inc., One 216 

Zeiss Drive, Thornwood, NY).  217 

 218 

2.10 Statistical analysis 219 

Experiments and assays were carried out with three replicates unless otherwise indicated and 220 

data were averaged with standard error or standard deviation. P-value was obtained by t-test 221 

with P < 0.01 or P < 0.05 considered to be significant. To perform the statistical analysis, the 222 

Analysis ToolPak, an Excel add-in program, was used. 223 

224 
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3. Results 225 

3.1 Growth rates and frond size 226 

The average specific growth was calculated to investigate the influence of potassium dichromate 227 

on the growth of Lemna minor (Fig. 1A). After 7 days of treatment, growth in the treated 228 

samples was inhibited compared to the control. Decrease in the growth rate was evident starting 229 

from the lowest concentration of potassium dichromate (0.50 mg/L) and became more 230 

pronounced at the highest concentrations. The effects on growth rate were dose-dependent and 231 

correlated to the increase in the concentration of the heavy metal. After 7 days of treatment the 232 

frond size in all treated samples was lower than in the control (Fig. 1B). In samples treated with 233 

6 mg/L (C5) decrease in the frond size was more accentuated.  234 

 235 

3.2 Cyto-histological observations 236 

The cyto-histological structure of the control and treated fronds was investigated by observing 237 

semi-thin and thin sections under light and electron microscope, respectively. In the control and 238 

treated samples, fronds had an anatomical structure typical of aquatic plants; there were two 239 

single layered epidermises with an aerenchyma rich in intercellular spaces (Fig. 2A). In the 240 

control fronds, parenchymatic cells were rich in chloroplasts, which had a lenticular shape and 241 

were arranged close to the cell wall (Fig. 2B, C); in these chloroplasts thylakoid membranes 242 

were perfectly arranged and organized in grana, little starch grains were also present, as shown  243 

by semi-thin sections stained with Schiff’s reagent (Fig. 2C) and TEM pictures (Fig. 2D). In 244 

treated fronds chloroplast maintained their conformation in C1, C2 and C3 samples, however 245 

after treatment with the highest concentration of potassium dichromate (C5, 6 mg/L), 246 

chloroplasts were very similar to amiloplast with a reduced presence of stroma, a thylakoid 247 

system constituted by few grana (Fig, 3E, F, G) and big starch grains.  248 

 249 

3.4 Evaluation of starch content 250 

The presence of starch was determined by staining with the iodine-potassium iodide solution. In 251 

the control fronds, starch was poor and consisted of little starch grains inside plastid perfectly 252 

organized (Fig. 2H). In treated fronds, starting from lower concentrations of potassium 253 

dichromate, starch grains were more abundant than in the control samples; the presence of 254 

starch increase from treatment C1 (Fig, 2I) to C4 (Fig. 2J) and C5 (Fig. 2K). In C5 starch grains 255 

completely occupied plastids that had lost their original shape and appeared similar to 256 

amyloplasts (Fig. 2L). The amount of starch in the control and treated fronds, expressed by 257 

relative units (pixel m
−2

), is reported in Table 1; the quantitative analyses confirmed the 258 

qualitative observations, that the presence of starch increased from control to treated samples, 259 

with statistically significant differences in samples C3, C4 and C5.   260 

 261 
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3.5 Physiological analysis 262 

Data from pigment analysis of control and treated plants are reported in Fig. 3A. The content of 263 

chlorophyll a was variable but not significantly different in the control or treated plants. The 264 

same was true for the carotenoid content. The content of chlorophyll b decreased in C5 and was 265 

significantly lower than in the control; in C1, C2, C3 and C4, however, the chlorophyll b 266 

content did not significantly differ from the control. 267 

As shown by the graphs in Fig. 3B, the effect of potassium dichromate on the maximum 268 

efficiency of PSII was dose-dependent, and clearly more pronounced at the higher 269 

concentrations of chromium. In the C1 samples, which were treated with the lowest 270 

concentration of potassium dichromate, there were no significant effects in terms of FV/FM ratio. 271 

For those samples the values of FV/FM (0.737) were not significantly different from those of the 272 

control (0.775; p = 0.2189). However, starting from C2 samples, there were increasing 273 

differences with C4 and C5 being the most affected ones with FV/FM being below 0.700 (Fig. 274 

3B). The PSII photochemistry was also estimated as a FV/F0 ratio since it shows a wider 275 

dynamic range of variation with respect to FV/FM, and thus is more sensitive to highlight the 276 

effect of stress (Lichtenthaler et al., 2005). Considering the FV/F0 ratio, the most significant 277 

differences from the control were in samples C2 to C5 (Fig. 3B). For both values of variable 278 

fluorescence ratios, the most marked differences compared to the control were in C3 and even 279 

more so in C4 and C5 samples. 280 

 281 

3.6 Microanalysis 282 

The microanalysis was carried out in sections obtained from different portions of fronds of 283 

treated and control plants. In the control and C1 samples no traces of Cr were observed (Fig. 284 

4A). In samples C2, C3, C4 (Fig. 4B) and C5 there were only small traces of Cr in increasing 285 

amounts; the highest values were observed in sample C5 (Fig. 4C), which was treated with the 286 

highest concentrations of potassium dichromate.  287 

288 
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 289 

4. Discussion 290 

Cr is the seventh most abundant metal in the earth’s crust and in the hexavalent form is one of 291 

the major sources of environmental pollution. The reason of its toxicity in plant systems appears 292 

to be due to its rapid permeability through biological membranes and subsequent interaction 293 

with intercellular proteins and nucleic acids.  294 

Our data contribute to understanding the mechanism related to Cr tolerance on the test organism 295 

Lemna minor, which is usually used as a biomarker to biomonitor municipal, agricultural and 296 

industrial discharge. 297 

The effects of Cr were observed in L. minor from the lowest concentrations, as demonstrated by 298 

the decrease of growth rate in all treated samples, but the highest effects were observed at the 299 

highest concentration of the heavy metal. The reduction in growth was paired to a decrease in 300 

frond size, which was more accentuated at the 6 mg/L, while between 0.5 and 3.22 mg/L (from 301 

C1 to C4 samples) frond size was more similar to that of the control, although always lower. 302 

Decrease in the number of fronds has also been observed in other plants treated with Cr such as 303 

wheat (Sharma and Sharma , 1993) and bean (Barcelo et al., 1985), and reduction in frond size 304 

has been reported in spinach (Singh, 2001). Reduction of the growth rate and frond size may be 305 

related at the molecular level to an inhibition of cell division or elongation resulting from 306 

oxidative stress (Karuppanapandian and Kim, 2013; Palit et al., 1994). Reduction of the growth 307 

rate has also been reported in Lemna minor plants after treatment with Co
2+

 (Sree at al., 2015). 308 

During the cobalt treatment no differences in the chlorophyll content and PSII activity were 309 

observed after 4 days but only after 7 days, suggesting that duckweed growth is initially 310 

inhibited to a greater extent than photosynthesis (Sree at al., 2015). However, the treatment of 311 

Lemna with Cr
VI

 affected the chlorophyll fluorescence parameters also after a short-term 312 

treatment (48 h) (Oláh et al., 2010); this treatment did not affected photosyhthetic pigments as 313 

strongly (Sree at al., 2015). Concentrations of Chls and carotenoids decreased in the presence of 314 

Cr
VI

, but not statistically significant differences were observed in relation to various Cr
VI

 315 

concentrations. Our data, after seven days of treatment, confirmed the small variation in the 316 

pigment contents caused by the Cr
VI 

treatment. There was a reduction in the chlorophyll b 317 

content of samples C4 and C5 after seven days, while there was no variation in chlorophyll a 318 

and carotenoid concentrations.  319 

The decrease in chlorophyll b could be due to destabilization and degradation of the peripheral 320 

PSII antenna complex (Shanker at al., 2005). Damages of PSII reaction centers was also 321 

demonstrated by measuring the maximum efficiency of PSII. In the treated plants the decrease 322 

in FV/FM and FV/F0 indicates photo-inhibitory damage to the reaction center of PSII. This decline 323 

was due to the increase in the minimum fluorescence (F0) as shown by the comparison of FV/FM 324 

and FV/F0, the latter being much more affected. The increase of F0 is considered an expression 325 
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of irreversible damage to PSII resulting in an increased fraction of energy lost by fluorescence 326 

emission, so that leaves suffered from excess light (Bussotti et al., 2011). It has been reported 327 

that hexavalent chromium alters the distribution of excitation energy via regulated and 328 

nonregulated non-photochemical dissipation (Ali et al., 2008; Perreault et al., 2009). The 329 

reduction in photosynthetic activity and chlorophyll content also corresponded to modifications 330 

in the plastid structure. Van Assche and Clijster (1983) suggested that the overall effect of Cr 331 

ions on photosynthesis and excitation energy transfer could also be due to Cr
VI

-induced 332 

abnormalities in the chloroplast ultrastructure such as a poorly developed lamellar system with 333 

widely spaced thylakoid and fewer grana. Starting from the C4 sample the chloroplasts were 334 

very similar to amyloplast with a reduced presence of stroma, a thylakoid system constituted by 335 

few grana and large starch grains. In the C5 sample the starch grains occupied the plastid almost 336 

completely. Our studies confirm the hypothesis of Bassi et al. (1990), who suggested that the 337 

presence of chromium damages the plasma membrane and the proplastids fail to develop in the 338 

normal chloroplasts resulting in the ultrastructural alterations observed. 339 

The accumulation of starch in the plastids of the treated samples could be due to one of the 340 

following mechanisms, besides others: (1) inhibition of export of photosynthate from source to 341 

sink organs, leading to an accumulation of low-molecular-weight carbohydrates which might 342 

serve as substrates for starch biosynthesis; (2) inhibition of plant growth to a larger extent than 343 

inhibition of photosynthesis, resulting in a surplus of carbohydrates that may be stored as starch 344 

(Sree et al., 2015). Often, starch accumulation under heavy metal stress is considered to be a 345 

consequence of the inhibition of carbohydrate transport from leaves, which act as source for 346 

non-photosynthetic sinks (Herren and Feller, 1997). Due to the fact that duckweed has a low 347 

level of tissue differentiation, this model (mechanism 1) does not hold true for duckweed 348 

(Appenroth et al., 2010), and hence we suggest a correlation between the inhibition of plant 349 

growth and the starch storage. Sree et al. (2015) concluded that after exposure with Co 
2+

 350 

duckweed growth is initially (four days) inhibited to a greater extent than photosynthesis 351 

resulting in surplus carbohydrates and starch accumulation; thereafter, photosynthesis declines 352 

in the presence of Co
2+

 leading to restricted availability of carbohydrates, while at the same time 353 

the initially stored starch is remobilized. 354 

 355 

5. Conclusions 356 

Our data demonstrated that after seven days of treatment the effects of Cr
VI

 on the functioning 357 

of photosynthetic apparatus involve the oxidative damage to photosynthetic pigment rather than 358 

inhibition of synthesis as suggested after a short treatment (48 h) by Oláh et al. (2010). Cr
VI

 359 

presumably could not fundamentally interfere with the Chl synthesis, so the measured rise in F0 360 

values might evolve from inhibited energy transfer from antenna to reaction center. 361 
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Our data also suggested a correlation between starch storage and reduced growth but it would be 362 

interesting to measure the starch content after a short period of treatment, as has been carried 363 

out with Co
2+

 (Sree et al., 2015). 364 

Finally, the microanalysis results suggest that Cr was accumulated only in small quantities in 365 

the fronds of Lemna minor. Probably, as observed by Nematshahi et al. (2012) in Allium cepa, 366 

Cr is first accumulated in roots, which was not done in the present study, and successively 367 

transported to the aerial part of the plant, where it can have a direct impact on the cellular 368 

metabolism of shoots.  369 

 370 
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 479 

Figure Legends 480 

Fig. 1 Growth rates and frond size. A) Average specific growth rate of Lemna minor from 481 

moment time 0 to 7 (days) at different concentrations of potassium dichromate; B) Frond size in 482 

control and treated (C1, C2, C3, C4, C5) samples. Data ± standard error were reported in the 483 

graphs. Asterisks indicate significant differences from the control (*, p ≤ 0.05; **, p ≤ 0.01)  484 

 485 

Fig.2 Cyto-histological observations. A-B) Transversal semi-thin sections of control fronds 486 

stained with toluidine blue; the two epidermis and the parenchymatic tissues, with large 487 

intercellular spaces, are evident; C) Transversal semi-thin section stained with Schiff’s reagent, 488 

starch grains inside chloroplast appeared purple colored; D) TEM picture of parenchymatic cells 489 

of control fronds; in chloroplast (black arrows) thylakoid membranes are organized in grana and 490 

small starch grains are present; E) transversal semi-thin section of frond of a C5 sample, 491 

chloroplasts (black arrows) were very similar to amyloplast; F-G) TEM pictures of 492 

parencymatic cells of C5 samples in which few grana and big starch grains can be seen; H-L) 493 

Transversal semi-thin sections of fronds stained with iodine-potassium iodide solution; few 494 

starch grains (black arrows) can be seen in control fronds (H) while there is an increase in starch 495 

from C1 (I) to C4 (J) and C5 (K,L). e = epidermis; is = intercellular space; s = starch grains. 496 

 497 

Fig. 3 Physiological analysis. A) Effect of treatment with potassium dichromate [0.5 mg/L (C1); 498 

0.93 mg/L (C2); 1.73 mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)] on the content of chlorophyll a, 499 

chlorophyll b and carotenoids. Data ± standard error are reported in the graph; B) Measurement 500 

of maximum efficiency of PSII both in terms of Fv/Fm (Fm-F0/Fm) and Fv/F0 (Fm-F0/F0) 501 

ratio at different concentrations of potassium dichromate  [0.5 mg/L (C1); 0.93 mg/L (C2); 1.73 502 

mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)]. Fm = maximum fluorescence level of PSII; F0 = 503 

background fluorescence level. In graphs data ± standard deviations were reported. Presence of 504 

asterisks indicates significant differences from the control (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 505 

0.001). 506 

 507 

Fig. 4 Pictures of fronds at Scanning electron microscopy (SEM) and energy dispersive X-ray 508 

(EDX) microanalysis to detect chromium storage after treatment with potassium dichromate. In 509 

C1 samples no traces of chromium were observed (Fig. 4A), in the samples C4 (Fig. 4B) and C5 510 

(Fig. 4C) only small  traces of chromium were observed in increasing amounts. 511 

 512 

 513 

514 
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 515 

Tab. 1 Starch amount in the adventitious roots (pixel m
−2

 ± standard error). Presence of 516 

asterisk indicates significant differences from the control (p ≤ 0.01). 517 

Sample pixel m-2 

Control 0.18 ± 0.04 

C1 0.52 ± 0.25 

C2  0.73 ± 0.13 

C3 0.45 ± 0.03 * 

C4 1.79 ± 0.05 * 

C5 4.27 ± 0.41 * 
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