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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’:
M 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: frond number /LN frond numberll| ; [ of each
replicatellaverage+SE [I. Additionally the decimal places of averages and
standard errors are with different length. The authors should consider
presenting only the averagetSE/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



Cover Letter

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



*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

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. | 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) 1 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:


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.

* |t 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: frond number LN frond number(1[] ; [ of each replicatelaverage+SE [. Additionally the
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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Abstract
Along Chromitm-represents-with cadmium, lead, mercury and other heavy metals, chromium is
an important environmental pollutant, mainly concentrated in the-areas of intense anthropogenic

Hied-tThe effect of potassium
dichromate on Lemna minor populations was tested using the growth inhibition test. but-alse
eCyto-histological and physiological analyseis were also conducted to aid in-which-enabled-us
te understanding the strategies utilized-used by the-plants during the-expositionure to the

chromium. Fhe-tTreatment with potassium dichromate determined-caused a reduction in growth

rate and frond size in all treated plants and especially at the highest concentrations-ef-the

the-petassivm-dichromate—aAt theesese concentrations the alteration-of-the-photosynthetic
pathway was also altered as shown by demenstrated-by-the decrease of maximum gquantum

yield of photosystem Il and the chlorophyll b content and by the chloroplast ultrastructural

modifications. Fhe-sStarch storage was also investigated by microscopicat observations.; lit was

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

the-starch storage and the-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

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

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

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

Car  Carotenoids

Chl Chlorophyll

Cr Chromium

cr'  Chromium (111)

cr¥'  Chromium (V1)

EDX Energy dispersive X-ray analysis

FM Maximum fluorescence in the dark-adapted stateFM—Maximum-fluorescence-in-the

Lght-adapted-state

FO Minimum fluorescence in the dark-adapted state
E— Minimum fluorescence

Fv Variable fluorescence

PAM  Pulse amplitude modulated fluorimetry

PSIl  Photosystem |1

SEM  Scanning electron microscopy

TEM Transmission electron microscopy
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1. Introduction
lens-and-nNon-essential heavy metals, such as cadmium (Cd), chromium (Cr), lead (Pb) and
mercury (Hg) are very important environmental inorganic pollutants, concentrated in areas

characterized by the presence of waste products of many industrial processes. Heawy-metals

nd fa) h on-and cal man a¥al hraominim lagtha hromuim n ng
a4 a3 v/ o c oHaHt aHtHattd g S o a T S o cHa g

wood-preservation-and-otheranthropogenic-activities—exists in the environment in two stable
forms: chromium (I11) and chromium (V1) eriginrated-originating thretgh-from natural processes
and human activities.

The phytotoxicity of both Cr'"' and Cr¥" has been studied in many higher and lower plants. Cr"'

is more phytotoxic than Cr"' (Han et al., 2004) and retards growth, reduces the number of
palisade and spongy parenchyma cells of leaves, and increases the number of vacuoles and
electron dense material along the walls of xylem and phloem (Han et al., 2004). Cr
phytotoxicity can also restt-in-inhibitieninhibit ef-seed germination, degradeation-ofe pigment
status, alter ration-ef-nutrient balance, and-medifymodify antioxidant enzymes activity; and

induce tion-ofe-oxidative stress in plants (Poschenrieder et al., 1991, Barcelo and Poschenrieder,
1997, Panda and Choudhury, 2005). Apart from these effects, Cr can also alter the chloroplast
and membrane ultrastructure in plants (Bassi et al., 1990, Panda and Choudhury, 2005). Mere
ialn greater detail, Cr inhibits photosynthesis and the PSII is known to be the main target, also
in relation to structural changes within the PSII complex (Fasulo et al., 1983; Bishnoi et al.,
1993; Davies et al., 2002; Shanker et al., 2005; Ait Ali et al. 2006; Rocchetta et al., 2006; Olah
et al., 2010). Fheuptake of Cr-isthoughtto-be-an-active-mechanism-performed-by-carriersfor

eompetesiin-FeSand e earder b indine LS hoplerea 2005 The-h Heavy metals eapast

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

organic xenobiotics butthey-must-be-extracted-from-a-poHtuted-area-(Augustynowicz et al.,

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

and inorganic compounds are-is commonly called phytoremediation.
One of the most important aquatic familyies in phytoremediation research is Lemnaceae.

Members of Lemnaceae, especially Lemna minor, are now test organisms alse-being-commenty

4
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used-forroutine-ecotoxicological-risk-assessmentsextensively used asfor assessing the potential

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

Organization for Standardization (1SO) and the Organization for Economic Co-operation and
Development (OECD) have developed standard growth inhibition tests using duckweeds,
namely L. minor (clone St; clone no. 9441) and L. gibba (clone G3; clone no. 9260),
respectively (ISO, 2004; OECD, 2004). Being important elements in primary production and in

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

the functioning of the whole aguatic ecosystem.

Unpredictable industrial accidents eottd-can result in high loads of toxic chemicals entering te
the environment within short time intervals as happened to River Tisza in Hungary in 2000
when heavy-metal and cyanide contamination entered the river and-causeding an ecological
catastrophe (Lakatos et al. 2003). Hence, Fer-such-considerations-it is essential to predict the

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

Duckweeds are-is a freefloating plants shewing-with wide distribution in different types of
aquatic ecosystems. In spite of their small size, they exhibit farge-great potential for vegetative

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

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

the same ambient-environmental concentrations of Crt”'

A

} in the growth medium, and presumably

to other environmental stresses too.; which-This may have an influence on their competitive
relations when heavy metal pollution occurs in an aquatic ecosystem.

In L. minor plants exposed to chromate (Appenroth et al., 2003) and nickel (Xylander et al.,
1993; Appenroth et al., 2010), one of the evident effects was starch accumulation in plastids
CoseRs s thep sl e nes,

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

importance (Sree and Appenroth, 2014; Zhao et al., 2015; Ziegler et al., 2015). In the present
paper the extent to which Cr"' altered starch accumulation in L. minor we-was investigated the
extent-to-which-Co2"-altered-starch-accumulation-in-L—minor-clone-9441-and we attempted to

determine the underlying mechanism(s).

We investigated the effects of Cr"'} treatments on Lemna minor plants taking into account alse

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

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

carFyng-carried outforthefirstiime—atotrawledgethe microanalysis-onthe-leat-seetions.

[ Formatted: Superscript

[ Formatted: Superscript




155




156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

188

189
190

2. Materials and Methods
2.1 Plant material

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

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

The test was performed according to OECD Guideline for the testing of chemicals n° 221
(“Lemna sp, Growth Inhibition Test”, adopted on 23 March 2006).
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Duckweed colonies with total of 12 fronds were taken from the stock culture and placed in

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

containing different concentrations of potassium dichromate [0.50 mg/L (C1); 0.93 mg/L (C2);
1.73 mg/L (C3); 3.22 mg/L (C4); 6.00 mg/L (C5)]; an,untreated group was prepared using 100
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mL of SIS growth medium.

Expressed as concentrations of chromium, the test concentrations were the following: 3.4 uM

(C1); 6.3 uM, (C2); 11.7 uM, (C3); 21.9 uM mg/L (C4); 40.7 uM, (C5).

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

range 6500 - 10000 Lux,

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

conditions.

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

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

reported in this paper.

2.2 Calculation of growth rates
The average specific growth rate (i) for a specific period (from time i to time j) was calculated
as the slope of the logarithmic growth curve from the equation:

_ InN¢j—InNg

tj_tl

where:
- W : average specific growth rate from time i to time j
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- Nij : number of fronds observed in the test or control vessel at time i

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

- ti : mementtime at the start of the period
- tj : mementtime at the end of the period

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

treatment with potassium dichromate. Growth rates used for the calculation of inhibition were
are usually given as the average of 3 independent experiments-replicates (n=3). Errors-given-are

2.3 Determination of leaffrond size
Images of the leavesfronds were taken using a stereo-microscope and quantified by the Leica
IM 1000 software.

2.4 Cyto-histological observations

To obtain semi-thin and ultra-thin sections, feaf-portions of fronds were fixed in 3% (w/v)
glutaraldehyde in 0.075 M phosphate buffer, pH 7.2, for 5h. The samples were then washed four
times for 15 min in 0.075 M phosphate buffer, pH 7.2, post-fixed in 1% (w/v) OsO,, dehydrated
in increasing concentrations of ethanol and, finally, embedded in resin (Epon, 2-
dodecenylsuccinic anhydride, and methylnadic anhydride mixture) (Reale et al. 2014).

The semi-thin sections (1-2 pum) were cut with an ultramicrotome (OmU2, Reichert,
Heidelberg) equipped with a glass blade, stained with 0.5% (w/v) toluidine blue in 0.2 %
NaHCO; buffer and observed under a light microscope (DMLB, Leica, Wetzlar, Germany).
Semi-thin sections were also stained by Periodic Acid Schiff’s reaction (O’Brien and McCully,
1981). i

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

appeared blue.

2.5 Evaluation of starch content

To evaluate the starch content, semi-thin sections of leavesfronds were treated with sodium «
metoxide and methanol to remove the resin. After deresination, sections were rehydrated and
treated with an iodine-potassium iodide solution (Johansen 1940) and observed under a light
microscope. Starch grains appeared blue-dark blue-celored. To quantify starch content, the

image of each section was analysed by the image processing program, “ImageJ”  (Abramoff gt |
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al., 2004). The amount of starch is reported as relative units (pixel wm ), calculated as the

number of pixels, measured by the software, with respect to, the surface observed (um?).
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2.6 Photosynthetic pigment analysis

Samples were cut into small pieces and extracted with 80% acetone. Extracts were maintained
at 4 °C until analyses-analysis and all manipulations had-beenwere performed in dim green safe
light to avoid photo-degradation.

Absorption spectra (400-750 nm range) of extracts were recorded at room temperature (25 °C)
by the spectrophotometer. For Chls and carotenoids determinations, the extracts were measured
at 661 nm (Chl a), 644 nm (Chl b), and 470 nm (carotenoids) and pigment concentrations were

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

2.7 Maximum quantum yield of photosystem II

A portable pulse amplitude modulated (PAM) fluorometer (ADC OS1-FL, ADC BioScientific
Ltd., Hoddesdon, UK) was used for in vivo measurements of chlorophyll fluorescence.
Fluorescence measurements were performed on leavesfronds positioned onto a wet filter paper
placed on the-floerof the clip floor of the instrument. TH-the background fluorescence level Fy

was measured on the feavesfronds adapted to darkness for at least 20 min-the-background
Huerescencelevel-F-was-measured. The maximum fluorescence level of PSII (Fy) was

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

photochemistry was measured using the variable fluorescence ratios Fy/Fy = (Fu - Fo)/Fum and
FulFo = (Fwm - Fo)/Fo (Lichtenthaler et al. 2005; Ferroni et al., 2013).

2.8 TEM analysis

T+Fhe-thin sections (0.08 pm) were cut with an ultramicrotome (OmU2, Reichert, Heidelberg)
equipped with a glass blade, mounted on uncoated copper grids (200 mesh) and contrasted by
adding uranyile acetate and an aqueous solution of lead nitrate. Observations were carried out

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

2.9 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) microanalysis
Semi-thin sections were dehydrated and metalliszed with graphite by “Q150T Turbo-Pumped
Sputter Coater/Carbon Coater” (Quorum Technologies Ltd., Laughton, United Kingdom); EDX
microanalysis was performed in a Zeiss SEM LEO 1525 (LEO Electron Microscopy Inc., One
Zeiss Drive, Thornwood, NY).

2.10 Statistical analysis

—
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Experiments and assays were carried out with three replicates unless otherwise indicated and
data were averaged with standard error or standard deviation. P-value was obtained by t-test t

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

Analysis ToolPak, an_Excel add-in program, was used.
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3. Results

3.1 Growth rates and leaffrond size

The average specific growth was calculated to investigate the influence of potassium dichromate
#r-on the growth of Lemna minor (FabFig. 1A). After 7 days of treatment, an-irhibition-of
growth in the treated samples was ebserved-inhibited in-the-treated-samples-compared to the
control. Fhis-dDecrease in the growth rate was evident starting from the lowest concentration of
potassium dichromate (0.50 mg/L) and becomes-became more pronounced rising-frem-the
fewest-teat the highest concentrations. The effects on growth rate are-thewere r-dose-dependent

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

treatment the leaffrond size in all treated samples was lower than in the control (Fig. 1B).- #a

to-C4yHeafsize-was-very-simiarwhile-lin samples treated with 6 mg/L (C5) the-decrease of-in

the leaffrond size was more accentuated.

3.2 Cyto-histological observations

The cyto-histological structure of the control and treated leavesfronds was investigated by
ebservation-observing ef-semi-thin and thin sections -under light and electron microscope,
respectively. In the control and treated samples, leavesfronds showed-thehad an anatomical
structure typical of aquatic plants; there were two single layered epidermises were-ebserved
with an aerenchyma rich efin intercellular spaces (Fig. 2A2A). In the control leavesfronds,
parenchymatic cells were rich- in chloroplasts, which had a lenticular shape and were arranged
close to the cell wall (Fig. 2B2B, C); in these chloroplasts thylakoid membranes were perfectly
conformed-arranged and organized in grana, little starch grains were also present, as shown by
semi-thin sections stained with Schiff’s reagent (Fig. 262C) and TEM pictures (Fig. 2B2D). In
treated feavesfronds chloroplast maintained their conformation in C1, C2 and C3 samples,
however after treatment with the highest concentration of potassium dichromate (C5, 6 mg/L),
chloroplasts were very similar to amiloplast with a reduced presence of stroma, a thylakoid

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

3.4 Evaluation of starch content

The presence of starch was detected-determined by staining with the iodine-potassium iodide
solution. In the control leavesfronds, starch was poor and eenstituted-consisted by-of little starch
grains inside plastid perfectly eenfermed-organized (Fig. 2H2H). In treated leavesfronds,
starting from lower concentrations of potassium dichromate, starch grains were more abundant
than in the control samples; the presence of starch increase from treated-treatment C1 (Fig, 2+21)
to treated-C4 (Fig. 292J) and C5 (Fig. 2K2K). In treated-C5 starch grains completely occupied
plastids that had lost their original shape and appeared similar to amyloplasts (Fig. 2L2L). The

12
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amount of starch in the control and treated fronds, expressed by relative units (pixel um™2), is

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

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

differences in samples C3, C4 and C5.,

3.5 Physiological analysis

Data from pigment analysis of control and treated plants were-are reported in Fig. 33A. The
content of chlorophyll a was variable but not significantly different in the control or treated
plants;-. the-The same was true eensideration-is-valid-for the carotenoid content. The content of
chlorophyll b decreased in treated-C4-and-C5 and was significantly lower than in the control; in
C1, C2, and-C3 and C4atreated-samples, however, the chlorophyll b content did not significantly
differ from the control.

As shown by the graphs in by-the-graphs(Fig. 43B}, the effect of potassium dichromate ir-on
the maximum efficiency of PSII {phetesystem-H)}-was dose-dependent, and clearly more
pronounced at the higher concentrations of chromium. In the C1 samples, which were treated
with the lewer-lowest concentration of potassium dichromate, there were no significant effects
in terms were-ebserved-interms-of F\/Fy ratio. For those samples the values of Fy/Fy (0.737)
were not significantly different from those of the control (0.775; p = 0.2189). However, starting
from C2 samples, there were increasing differences were-ebserved:with C4 and C5 being the
most affected ones with F\/Fy being below 0.700 (Fig. 43B). The PSII photochemistry was also
estimated as a Fy/F, ratio since it shows a wider dynamic range of variation with respect to
Fv/Fu, and thus is more sensitive to highlight the effect of stress (Lichtenthaler et al., 2005).
Considering the F\/F, ratio, mere-the most significant differences from the control were in
samplesane C2 to C5 treated-sample-were-ebserved-(Fig. 43B). For both values of variable

fluorescence ratios, the most marked differences compared to the control were in C3_and even

more s0 in C4 and C5 samples-the-mest-marked-differences-compared-to-the-controlwere
observed.

3.6 Microanalysis

The microanalysis was carried out in sections obtained from different portions of leavesfronds
of treated and control plants. In the control and C1 samples no traces of Cr&r were observed
(Fig. 5A4A). In the-samples C2, C3, C4 (Fig. 5B4B) and C5 there were only small -traces of
CrCr were-observed-in increasing amounts; the highest values were observed in the-sample C5

(Fig. 564C), which was treated with the highest concentrations of potassium dichromate.

13

Formatted: Font: (Default) Times
New Roman, 11 pt, Font color: Auto,
English (United States)

Formatted: Font: (Default) Times
New Roman, 11 pt, Font color: Auto,
English (United States)

Formatted: Font: (Default) Times
New Roman, 11 pt, Font color: Auto,
English (United States)

[Formatted: Font: Symbol

Formatted: Font: (Default) Times
New Roman, 11 pt, Font color: Auto,
English (United States)

Formatted: Font: (Default) Times
New Roman, 11 pt, Font color: Auto,
English (United States)

Formatted: Font: (Default) Times
New Roman, 11 pt, Font color: Auto,
English (United States)




341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

4. Discussion

Cr is the seventh most abundant metal in the earth’s crust and in the hexavalent form is one of
the major sources of environmental pollution. The reason of its toxicity in the-plant systems;
appears to be due to its rapid permeability through biological membranes and subsequent
interaction with intercellular proteins and nucleic acids.

Our data contribute to understanding the mechanism related to Cr tolerance on the test organism
test-Lemna minor, which is usually used as a biomarker to biomonitor municipal, agricultural

and industrial discharge.

The effects of Cr were observed in L. minor }siﬂee#rom the lowest concentrations, as [Comment [CB1]
usare FROM?

I ...non é pili corretto

demonstrated by the decrease of growth rate in all treated samples, but the highest effects were
observed at the highest concentration of the heavy metal. The grewth-reduction in growth was
paired to a decrease ef-in feaffrond size, which was more accentuated at the eoncentration-of-6
mg/L, while between 0.5 and 3.22 mg/L (from C1 to C4 samples) leaffrond size was more
similar to the-size-that of the control, although always lower-than-it. Fhe-dDecrease in the
number of leaffronds rumberwashas also been observed alse-in other plants treated with Cr
such as wheat (Sharma and Sharma , 1993) and bean (Barcelo et al., 1985), whie-theand
reduction ef-in leaffrond size has been was-already-knewnreported in spinach (Singh, 2001).

FherReduction of the growth rate and teaffrond size may be related at the molecular level to an

inhibition of cell division or elongation resulting from oxidative stress (Karuppanapandian and
Kim, 2013; Palit et al., 1994).— Fhe+rReduction of the growth rate was-alse-ebservedhas also
been reported in Lemna minor plants after treatment with Co-** (Sree at al., 2015). During the
the-cobalte treatment no differences in the chlorophyll content and PSII activity were observed
after 4 days but only after seven-7 days, suggesting that the-duckweed growth is initially
inhibited to a greater extent than photosynthesis (Sree at al., 2015). However, Fhe-the treatment

of Lemna with Cr¥'cr-04) affected however-the chlorophyll fluorescence parameters also after [Formatted: Font

: Ttalic

a short--term treatment (48 h-H-eng) (Olah et al., 2010); this treatment did not affected
photosyhthetic pigments as strongly as-(Sree at al., 2015). Concentrations of Chls and
carotenoids decreased in the presence of Cr¥' .G~} but not statistically significant differences
were observed in relation to various Cr¥'CrO\A) concentrations. Our data, after seven days of
treatment, eoHected-afterseven-days-eftreatmentconfirmed the Httle-small variation in the
pigment contents determined-caused by the Cr"' treatment-of-Cr\4). There was A-a reduction
in the chlorophyll b content was-ebserved-in-the-treatedof samples C4 and C5 samples;-after
seven days, while there was no variation was-ebserved-abeutin chlorophyll a and carotenoid

concentrations.
The decrease in chlorophyll b could be due to destabilization and degradation of the peripheral
PSII antenna complex (Shanker at al., 2005). D-Fhe-damages of PSII reaction centers were-was
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also demonstrated by the-the-measurementing ef-the maximum efficiency of PSII. In the the
treated plants the ebserved-decrease of-in F/Fy and F\/F, indicates was-representative-efa
photo-inhibitory damage to the reaction center of PSII. This decline was due Respensible-forto
this-deeline-was-the increase ef-in the minimum fluorescence (Fp) as shown by the comparison

of Fy/Fy and F\/F,, the latter being much more affected. The increase of F, was-is considered an
expression of irreversible damage to PSII resulting in an increased fraction of energy lost by
been reported earlier-that hexavalent chromium alters the distribution of excitation energy via

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

2009), The reduction in photosynthetic activity and chlorophyll content was-also paired
corresponded to modifications in the plastid structure. Van Assche and Clijster (1983) suggested
that the overall effect of Cr ions on photosynthesis and excitation energy transfer could also be
due to Cr”'-crMB--induced abnormalities in the chloroplast ultrastructure such as -a poorly
developed lamellar system with widely spaced thylakoid and fewer grana. Starting from the C4
sample the chloroplasts were very similar to amy#loplast with a reduced presence of stroma, a
thylakoid system constituted by few grana and big-large starch grains. In the C5 sample the
starch grains occupied the plastid almost completely-the-plastid. Our studies confirmmed the
hypothesis of Bassi et al. (1990), who suggested that the presence of chromium damagee
damages the plasma membrane and the proplastids failed to develop in the normal chloroplasts
determining-resulting in the ebserved-ultrastructural alterations_observed.

The accumulation of starch in the plastids of the treated samples could be due to one of the
following mechanisms, besides others: (1) inhibition of export of photosynthate from source to
sink organs, leading to an accumulation of low-molecular-weight carbohydrates which might
serve as substrates for starch biosynthesis; (2) inhibition of plant growth to a larger extent than
inhibition of photosynthesis, resulting in a surplus of carbohydrates that may be stored as starch
(Sree et al., 2015). Often, starch accumulation under heavy metal stress is considered to be a
consequence of the inhibition of carbohydrate transport from leaves, which act as source for
non-photosynthetic sinks (Herren and Feller, 1997). Due to the fact that duckweeds have-has a
low level of tissue differentiation, this model (mechanism 1) does not hold true for duckweeds

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

growth and the starch storage. —Sree et al. (2015) concluded that after exposure with Co 2*
duckweed growth is initially (four days-in-experimental-setup) inhibited to a greater extent than

photosynthesis resulting in surplus carbohydrates and starch accumulation; thereafter,

photosynthesis declines in the presence of Co®" leading to restricted availability of
carbohydrates, while at the same time the initially stored starch is remebilisedremobilized.

5. Conclusions
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Our data demonstrated that after seven days of treatment the effects of Cr''Cr(\}) on the
functioning of photosynthetic apparatus involve the oxidative damages to photosynthetic
pigment rather than the-inhibition of synthesis as suggested after a short treatment (-48 h) by
Olah et al. (2010). Cr'ce\H)- presumably could not fundamentally interfere with the Chl
synthesis, so the measured rise in Fe-Fy values might evolve from inhibited energy transfer from

antenna to reaction eentrecenter.

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

but it would be interesting to measure test-the starch content in-after a short period of treatment,
as has been carried out with Co-?* (Sree et al., 2015).

Finally, the microanalysis results suggested that Cr was accumulated only in small quantities in
the feavesfronds of Lemna minor. Probably, as observed by Nematshahi et al. (2012) in Allium
cepa, Cr is first accumulated in roots, thatarewhich was not done is-net-ebserved-in-this-werkin
the present study, and successively transported to the aerial part of the plant, where it can have a

direct impact on the cellular metabolism of shoots.

5. Acknowledgements
The authors wish to acknowledge the company “Biotecnologie B.T. Srl”, Todi (Italy) for the
support provided.

16

[ Formatted: Subscript




434
435
436
437

438
439

440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

References < Formatted: Don't suppress line
numbers

Abramoff, M.D., Magalhaes, P.J., Ram, S.J., 2004. Image processing with ImageJ.

Biophotonics International 11 (7), 36-42.

Formatted: English (United Kingdom)

:Ali, N.A., Dewez, D., Didur, O., Popovic, R., 2006. Inhibition of photosystem |1 <

photochemistry by Cr is caused by the alteration of both D1 and oxygen evolving

Formatted: Line spacing: single,
Don't suppress line numbers

ﬁ
[ Formatted: Italian (Italy)
(

complex. Photosynthkesis Research 89, 81-87.

Formatted: Don't suppress line
numbers

A

Ali, N.A., Juneau, P., Didur, O., Perreault, F., Popovic, R., 2008. Effect of dichromate on
photosystem Il activity in xanthophyll- deficient mutants of Chlamydomonas reinhardtii.
Photosynth. Res. 95, 45-53.

Formatted: English (United Kingdom)

Appenroth, K.-J., Keresztes, A., Sarvari, E., Jaglarz, A., Fischer, W, 2003. Multiple effects [Formatted: English (United Kingdom)
of chromate on Spirodela polyrhiza: Electron microscopy and biochemical investigations. [Formatted: Font: Italic
Plant Biol. 5, 315-323.

Appenroth, K.-J., Krech, K., Keresztes, A., Fischer, W., Koloczek, H.,2010. Effects of [Formatted: English (United Kingdom)

nickel on the chloroplasts of the duckweeds Spirodela polyrhiza and Lemna minor and
their possible use in biomonitoring and phytoremediation. Chemosphere 78, 216-223.

Augustynowicz, J., Grosicki, M., Hanus-Fajerska, E., Lekka, M., Waloszek, A., Koloczek,
H, 2010. Chromium (V1) bioremediation by aquatic macrophyte Callitrichecophocarpa
Sendtn. Chemosphere 79, 1077-1083.

Barcelo, J., Poschenrieder, C., Ruano, A., Gunse, B, 1985. Leaf water potential in Cr(IV) [Formatted: Italian (Italy)
treated bean plants (Phaseolus vulgaris L.). Plant Physiol Suppl 77, 163-164.

Barcelo, J., Poschenrieder, C., 1997. Chromium in Plants, in: Carati, S.,~ Tottarelli, F., Seqmi, [Formatted: English (United Kingdom)
P. (Eds), Chromium environmental issue. Francotangati press, Milan, pp.101-129. [ Formatted: English (United Kingdom)

Bassi, M., Corradi, M.G., Realini, M., 1990. Effects of chromium (V1) on two freshwater [Formatted: English (United Kingdom)

plants, Lemna minor and Pistia stratiotes.1.Morphological observations. Cytobios 62, 27-
38.
Bishnoi, N.R., Chugh, L.K. Sawhney, S.K., 1993. Effect of chromium on photosynthesis,

respiration and nitrogen fixation in pea (Pisum sativum L.) seedlings. J. Plant Physiol. 14,
25-30.

Bussotti, F., Sotgiu, R., Cascio, C., Pollastrini, M., Gravano, E., Gerosa, G., Marzuoli, R.,
Nali, C., Lorenzini, G., Salvatori, E., Manes, F., Schaub, M. and Strasser R.J., 2011.
Ozone stress in woody plants assessed with chlorophyll a fluorescence. A critical

reassessment of existing data. Environmental and Experimental Botany 73, 19-30.

17



471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

Davies, F.T., Puryear, J.D., Newton, R.J., Egilla, J.N., Grossi, J.A.S., 2002. Mycorrhizal
fungi increase chromium uptake by sunflower plants: influence on tissue mineral
concentration, growth, and gas exchange. J. Plant Nutr. 25, 2389-2407.

Fasulo, M.P., Bassi, M., Donini, A., 1983. Cytotoxic effects of hexavalent chromium in
Euglena gracilis. II. Physiological and ultrastructurals studies. Protoplasma 114, 35-43.

Ferroni, L., Pantaleoni, L., Baldisserotto, C., Aro, E.M., Pancaldi, S,;- 2013. Low

photosynthetic activity is linked to changes in the organization ogif photosystem Il in the
fruit of Arum italicum. Plant Physiology and Biochemistry 63, 130-140.

Han, F.X., Sridhar, B.B.M., Monts, D.L., Su Y., 2004. Phytoavailability and toxicity of
trivalent and hexavalent chromium to Brassica juncea. New Phytologist 162, 489.

Herren, T., Feller, U., 1997. Influence of increased zinc levels on phloem transport in wheat
shoots. J. Plant Physiol. 150, 228-231.

Johansen, D.A., 1940. Plant microtechnique. McGraw Hill, New York.

Karuppanapandian T, Kim W. 2013. Cobalt-induced oxidative stress causes growth
inhibition associated with enhanced lipid peroxidation and activates antioxidant responses

in Indian mustard (Brassica juncea L.) leaves. Acta Physiol. Plant. 35, 2429-2443.

Lakatos, G., Fleit, E., Mészaros, 1., 2003. Ecotoxicological studies and risk assessment on the

cyanide contamination in Tisza river. Toxicol. Lett. 140-141: 333-342.

| OECD 221, Guideline for the testing of chemicals. Revised proposal for a new guideline

221.Lemna sp. Growth Inhibition Test, 2004.

Nematshahi, N., Lahouti, M., Ganjeali, A, 2012. Accumulation of chromium and its effect on
growth of Allium cepa cv Hybrid. European Journal of Experimental Biology 2(4), 969-
974,

| O’Brien, T.P., McCully, M.E, 1981. The study of plant structure: principles and selected

methods. Termarcarphi Pty., Ltd., Melbourne, Australia.

Oléah, V., Lakatos, G., Bertok, C., Kanalas, P., Sz6llési, E., Kis, J., Mészaros , 1., 2010.
Short-term chromium(V1) stress induces different Phetesynthetic-photosynthetic
responses in two duckweed species, Lemna gibba L and Lemna minor L. Photosynthetica
48 (4): 513-520.

Palit, S., Sharma, A., Talukder, G., 1994. Effects of cobalt in plants. Bot. Rev. 60, 149-181.

18

[ Field Code Changed
[ Field Code Changed
[
[

Field Code Changed
Field Code Changed

[Formatted: English (United Kingdom)

[ Formatted: Italian (Italy)
[ Formatted: Italian (Italy)

 Formatted: Italian (Italy)




508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544

Panda, S.K., Choudhury, S., 2005. Chromium stress in plants. Brazilian Journal of Plant <
Physiology 17 (1), 95-102.

Perreault, F., Ali, N.A., Saison, C., Popovic, R. Juneau, P., 2009. Dichromate effect on
energy dissipation of photosystem Il and photosystem | in Chlamydomonas reinhardtii. J.
Photochem. Photobiol. B: Biol. 96, 24-29.

Poschenrieder, C., Vazquez, M.D., Bonet, A., Barcelo, J., 1991. Chromium iron interaction
in iron sufficient and iron deficient bean plants. 11 Ultrastructutral aspects. Journal of
Plant Nutrition 14, 415-428.

Reale, L., Tedeschini, E., Rondoni, G., Ricci, C., Bin, F., Frenguelli, G., Ferranti, F., 2014.
Histological investigation on gall development induced by a worldwide invasive pest,
Dryocosmus kuriphilus, on Castanea sativa. Plant Biosystems DOI
10.1080/11263504.2014.918058

Rocchetta, 1., Mazzuca, M., Conforti, V., Ruiz, L., Balzaretti, V., Rios de Molina, M.C.,
2006. Effect of chromium on the fatty acid composition of two strains of Euglena
gracilis. Environ. Poll. 141, 353-358.

Shanker, A.K., Cervantes, C., Loza-Tavera, H., Avudainayagam, S., 2005. Chromium
toxicity in plants. Environment International 31 (5), 739-753.

Sharma, D.C., Sharma, C.P., 1993. Chromium uptake and its effects on growth and biological
yield of wheat. Cereal Res Commun 21, 317-321.

Singh, A.K., 2001. Effect of trivalent and hexavalent chromium on spinach (Spinacea oleracea
L.). Environ Ecol 19, 807-810.

Sree, K.S., Appenroth, K.-J.,2014. Increase of starch accumulation in the duckweed Lemna
minor under abiotic stress. Albanian J. Agri. Sci. 13, 11-14.

Sree, S.K., Keresztes, A., Mueller-Roeber, B., Brandt, R., Eberius, M., Fischer, W.,
Appenroth KJ., 2015. Phytotoxicity of cobalto ions on the duckweed Jemra-Lemna
minor — Morphology, ion uptake, and starch accumulation. Chemosphere. 131, 149-156.

Van Assche, F., Clijster, H., 1983. Multiple effects of heavy metals on photosynthesis. The
Hague: Nijhoff/Junk, 371-82.

Wellburn, A.R., 1994. The spectral determination of chlorophylls a and b, as well as total
carotenoids, using various solvents with spectrophotometers of different resolution.
Journal of Plant Physiology 144, 307-313.

Xylénder, M., Augsten, H., Appenroth, K.-J.,1993. Influence of nickel on the life cycle of
the duckweed Spirodela polyrhiza (L.) Schleiden. J. Plant Physiol. 142, 208-213.

Zhao, Y., Fang, Y., Jin, Y., Huang, J., Bao, S., Fu, T, He, Z., Wang, F., Wang, M., Zhao,
H., 2015. Pilot scale comparison of four duckweed strains from different genera for
potential application in nutrient recovery from wastewater and valuable biomass
production. Plant Biol. 17 (Suppl. 1), 82-90.

19

Formatted: Don't suppress line
numbers

[Formatted: Font: Italic

[Formatted: English (United Kingdom)




545
546
547
548
549

Ziegler, P., Adelmann, K., Zimmer, S., Schmidt, C., Appenroth, K.-J.,2015. Relative jin
vitro growth rates of duckweeds (Lemnaceae) — the most rapidly growing higher plants.
Plant Biol. 17 (Suppl. 1), 33-41.

20

[Formatted: Font: Italic




550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

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

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

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

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

Fig.2-2 Cyto-histological observations. A-B) Transversal semi-thin sections of control
feavesfronds stained with toluidine blue;; the two epidermis and the parenchymatic tissues, with
big-large intercellular spaces, are evident; C) Transversal semi-thin section stained with Schiff’s
reagent, starch grains inside chloroplast appeared purple colored; D) TEM picture of
parenchymatic cells of control feavesfronds:; in chloroplast (black arrows) thylakoid membranes
wereare organized in grana and Hitle-small starch grains were-are present; E) transversal semi-
thin section of leaffrond of a C5 sample, chloroplasts (black arrows) were very similar to
amHoeplastamyloplast; F-G) TEM pictures of parencymatic cells of C5 samples in which few
grana and big starch grains were-ebservedcan be seen; H-L) Transversal semi-thin sections of
feavesfronds stained with iodine-potassium iodide solution; few starch grains (black arrows)
were-ebservedcan be seen in control leavesfronds (H) while there is an increase the-presenee
ofin starch inerease-from treated-C1 (1) to treated-C4 (J) and C5 (K,L). e = epidermis; is =

intercellular space; s = starch grains.

Fig. 3-3 Physiological analysis. A) Effect of treatment with potassium dichromate [0.5 mg/L
(C1); 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, chlorophyll b and carotenoids. a-graphs-dData + standard error were-are reported

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

FO/Fm) and Fv/FO (Fm-FO/FO0) ratio at different concentrations of potassium dichromate [0.5
mg/L (C1); 0.93 mg/L (C2); 1.73 mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)]. Fm = maximum

fluorescence level of PSII; FO = background fluorescence level. In graphs data + standard

deviations were reported. Presence of asterisks indicates significant differences from the control
(*.p<0.05; ** p<0.01; *** p<0.001).-
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Fig. 5-4 Pictures of eavesfronds at Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) microanalysis to detect chromium storage after treatment with potassium
dichromate. In C1 samples no traces of chromium were observed (Fig. 5A4A), in the samples
C4 (Fig. 5B4B) and C5 (Fig. 5€4C) only small traces of chromium were observed in increasing
amounts.
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*Highlights (for review)

- 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.

- Crwas accumulated only in small quantities in the leaves of Lemna minor
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Abstract

Along with cadmium, lead, mercury and other heavy metals, chromium is an important
environmental pollutant, mainly concentrated in areas of intense anthropogenic pressure. The
effect of potassium dichromate on Lemna minor populations was tested using the growth
inhibition test. Cyto-histological and physiological analyses were also conducted to aid in
understanding the strategies used by plants during exposure to chromium. Treatment with
potassium dichromate caused a reduction in growth rate and frond size in all treated plants and
especially at the highest concentrations. At these concentrations the photosynthetic pathway was
also altered as shown by the decrease of maximum quantum yield of photosystem Il and the
chlorophyll b content and by the chloroplast ultrastructural modifications. Starch storage was
also investigated by microscopic observations. It was the highest at the high concentrations of
the pollutant. The data suggested 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

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

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

Key words: Chromium; growth inhibition test; Lemna minor; photosystem IlI; plastid; starch.
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Cr
Crlll
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Fv
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TEM

Carotenoids

Chlorophyll

Chromium

Chromium (111)

Chromium (V1)

Energy dispersive X-ray analysis

Maximum fluorescence in the dark-adapted state
Minimum fluorescence in the dark-adapted state
Variable fluorescence

Pulse amplitude modulated fluorimetry
Photosystem 11

Scanning electron microscopy

Transmission electron microscopy
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1. Introduction

Non-essential heavy metals, such as cadmium (Cd), chromium (Cr), lead (Pb) and mercury (Hg)
are very important environmental inorganic pollutants, concentrated in areas characterized by
the presence of waste products of many industrial processes.

Cr exists in the environment in two stable forms: chromium (I11) and chromium (V1) originating
from natural processes and human activities.

The phytotoxicity of both Cr'" and Cr"" has been studied in many higher and lower plants. Cr"'
is more phytotoxic than Cr'"' (Han et al., 2004) and retards growth, reduces the number of
palisade and spongy parenchyma cells of leaves, and increases the number of vacuoles and
electron dense material along the walls of xylem and phloem (Han et al., 2004). Cr
phytotoxicity can also inhibit seed germination, degrade pigment status, alter nutrient balance,
modify antioxidant enzymes activity and induce oxidative stress in plants (Poschenrieder et al.,
1991, Barcelo and Poschenrieder, 1997, Panda and Choudhury, 2005). Apart from these effects,
Cr can also alter the chloroplast and membrane ultrastructure in plants (Bassi et al., 1990, Panda
and Choudhury, 2005). In greater detail, Cr inhibits photosynthesis and the PSII is known to be
the main target, also in relation to structural changes within the PSII complex (Fasulo et al.,
1983; Bishnoi et al., 1993; Davies et al., 2002; Shanker et al., 2005; Ait Ali et al. 2006;
Rocchetta et al., 2006; Olah et al., 2010). Heavy metals must be extracted from polluted areas
but they cannot be degraded in the environment like other organic xenobiotics (Augustynowicz
et al., 2010). Using living plants to remove metal ions from a polluted area with organic and
inorganic compounds is commonly called phytoremediation.

One of the most important aquatic family in phytoremediation research is Lemnaceae. Members
of Lemnaceae, especially Lemna minor, are now test organisms extensively used for assessing
the potential impact of environmental chemicals in ecotoxicology and plant physiology. The
International Organization for Standardization (ISO) and the Organization for Economic Co-
operation and Development (OECD) have developed standard growth inhibition tests using
duckweed, namely L. minor (clone St; clone no. 9441) and L. gibba (clone G3; clone no. 9260),
respectively (ISO, 2004; OECD, 2004). Being important elements in primary production and in
the food chain, sensitivity of such aquatic macrophytes to various toxic chemicals may impact
the functioning of the whole aquatic ecosystem.

Unpredictable industrial accidents can result in high loads of toxic chemicals entering the
environment within short time intervals as happened to River Tisza in Hungary in 2000 when
heavy-metal and cyanide contamination entered the river causing an ecological catastrophe
(Lakatos et al. 2003). Hence, it is essential to predict the possible effects of toxic substances on
vital processes and species composition of aquatic biota. Duckweed is a freefloating plant with

wide distribution in different types of aquatic ecosystems. In spite of their small size, they
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exhibit great potential for vegetative reproduction and thereby rapid biomass growth, in fact
they are known to be the fastest growing angiosperms (Ziegler et al., 2015).

Olah et al., (2010) suggested that various duckweed species respond with different sensitivity to
the same environmental concentrations of Cr"' in the growth medium, and presumably to other
environmental stresses too. This may have an influence on their competitive relations when
heavy metal pollution occurs in an aquatic ecosystem.

In L. minor plants exposed to chromate (Appenroth et al., 2003) and nickel (Xylander et al.,
1993; Appenroth et al., 2010), one of the evident effects was starch accumulation in plastids.
High biomass production, especially when rich in starch, is of immense biotechnological
importance (Sree and Appenroth, 2014; Zhao et al., 2015; Ziegler et al., 2015). In the present
paper the extent to which Cr' altered starch accumulation in L. minor was investigated and we
attempted to determine the underlying mechanism(s).

We investigated the effects of Cr"' treatments on Lemna minor plants taking into account the
photosynthetic and cyto-histological parameters, which in the past had been studied
independently and, for the first time to our knowledge, microanalysis of the frond sections was

carried out .
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2. Materials and Methods

2.1 Plant material

The organisms were originally supplied by the “Friedrich-Shiller University of Jena - Botanic
Institute” and the stock cultures were subcultured in the Test Facility BioTecnologie B.T..

The test was performed according to OECD Guideline for the testing of chemicals n°® 221
(“Lemna sp, Growth Inhibition Test”, adopted on 23 March 2006).

Duckweed colonies with total of 12 fronds were taken from the stock culture and placed in
crystallizer glass dishes with 100 mL nutrient solution (SIS growth medium, pH 6.5+0.2),
containing different concentrations of potassium dichromate [0.50 mg/L (C1); 0.93 mg/L (C2);
1.73 mg/L (C3); 3.22 mg/L (C4); 6.00 mg/L (C5)]; an untreated group was prepared using 100
mL of SIS growth medium.

Expressed as concentrations of chromium, the test concentrations were the following: 3.4 uM
(C1); 6.3 uM (C2); 11.7 uM (C3); 21.9 uM mg/L (C4); 40.7 uM (C5).

Cultures were grown in an incubator chamber at 24+2°C and continuous illumination in the
range 6500 - 10000 Lux.

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

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

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

reported in this paper.

2.2 Calculation of growth rates
The average specific growth rate () for a specific period (from time i to time j) was calculated
as the slope of the logarithmic growth curve from the equation:

_ InNt;—InNy

tj—t;

where:
- WL : average specific growth rate from time i to time j

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

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

- ti : time at the start of the period

- tj : time at the end of the period



158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

The “i” corresponds to the start of experiment while the time “j” corresponds to seven days of
treatment with potassium dichromate. Growth rates used for the calculation of inhibition are

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

2.3 Determination of frond size
Images of the fronds were taken using a stereo-microscope and quantified by the Leica IM 1000

software.

2.4 Cyto-histological observations

To obtain semi-thin and ultra-thin sections, portions of fronds were fixed in 3% (w/v)
glutaraldehyde in 0.075 M phosphate buffer, pH 7.2, for 5h. The samples were then washed four
times for 15 min in 0.075 M phosphate buffer, pH 7.2, post-fixed in 1% (w/v) OsO,, dehydrated
in increasing concentrations of ethanol and, finally, embedded in resin (Epon, 2-
dodecenylsuccinic anhydride, and methylnadic anhydride mixture) (Reale et al. 2014).

The semi-thin sections (1-2 pm) were cut with an ultramicrotome (OmU2, Reichert,
Heidelberg) equipped with a glass blade, stained with 0.5% (w/v) toluidine blue in 0.2 %
NaHCO; buffer and observed under a light microscope (DMLB, Leica, Wetzlar, Germany).
Semi-thin sections were also stained by Periodic Acid Schiff’s reaction (O’Brien and McCully,
1981). Slides were observed under a light microscope; the presence of starch was indicated by a

magenta colour, while proteins appeared blue.

2.5 Evaluation of starch content

To evaluate the starch content, semi-thin sections of fronds were treated with sodium metoxide
and methanol to remove the resin. After deresination, sections were rehydrated and treated with
an iodine-potassium iodide solution (Johansen 1940) and observed under a light microscope.
Starch grains appeared dark blue. To quantify starch content, the image of each section was
analysed by the image processing program “Imagel” (Abramoff et al., 2004). The amount of
starch is reported as relative units (pixel um ), calculated as the number of pixels, measured by

the software, with respect to the surface observed (um?).

2.6 Photosynthetic pigment analysis

Samples were cut into small pieces and extracted with 80% acetone. Extracts were maintained
at 4 °C until analysis and all manipulations were performed in dim green safe light to avoid
photo-degradation.

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

by the spectrophotometer. For Chls and carotenoids determinations, the extracts were measured
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at 661 nm (Chl a), 644 nm (Chl b), and 470 nm (carotenoids) and pigment concentrations were
evaluated as mg/g of fresh substance according to the equations proposed by Wellburn (1994).

2.7 Maximum quantum yield of photosystem 11

A portable pulse amplitude modulated (PAM) fluorometer (ADC OS1-FL, ADC BioScientific
Ltd., Hoddesdon, UK) was used for in vivo measurements of chlorophyll fluorescence.
Fluorescence measurements were performed on fronds positioned onto a wet filter paper placed
on the-fleorof the clip floor of the instrument. The background fluorescence level Fy was
measured on the fronds adapted to darkness for at least 20 min. The maximum fluorescence
level of PSII (Fy) was obtained by exposing the sample to a saturating pulse of white light (0.8
s). The PSII maximum photochemistry was measured using the variable fluorescence ratios
Fu/Fum = (Fv - Fo)/Fv and Fy/Fy = (Fy - Fo)/Fo (Lichtenthaler et al. 2005; Ferroni et al., 2013).

2.8 TEM analysis

Thin sections (0.08 um) were cut with an ultramicrotome (OmU2, Reichert, Heidelberg)
equipped with a glass blade, mounted on uncoated copper grids (200 mesh) and contrasted by
adding uranyl acetate and an aqueous solution of lead nitrate. Observations were carried out
with a transmission electron microscope (TEM 400 T; Philips, Monza, Italy).

2.9 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) microanalysis
Semi-thin sections were dehydrated and metallised with graphite by “Q150T Turbo-Pumped
Sputter Coater/Carbon Coater” (Quorum Technologies Ltd., Laughton, United Kingdom); EDX
microanalysis was performed in a Zeiss SEM LEO 1525 (LEO Electron Microscopy Inc., One
Zeiss Drive, Thornwood, NY).

2.10 Statistical analysis

Experiments and assays were carried out with three replicates unless otherwise indicated and
data were averaged with standard error or standard deviation. P-value was obtained by t-test
with P <0.01 or P < 0.05 considered to be significant. To perform the statistical analysis, the

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

3.1 Growth rates and frond size

The average specific growth was calculated to investigate the influence of potassium dichromate
on the growth of Lemna minor (Fig. 1A). After 7 days of treatment, growth in the treated
samples was inhibited compared to the control. Decrease in the growth rate was evident starting
from the lowest concentration of potassium dichromate (0.50 mg/L) and became more
pronounced at the highest concentrations. The effects on growth rate were dose-dependent and
correlated to the increase in the concentration of the heavy metal. After 7 days of treatment the
frond size in all treated samples was lower than in the control (Fig. 1B). In samples treated with

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

3.2 Cyto-histological observations

The cyto-histological structure of the control and treated fronds was investigated by observing
semi-thin and thin sections under light and electron microscope, respectively. In the control and
treated samples, fronds had an anatomical structure typical of aquatic plants; there were two
single layered epidermises with an aerenchyma rich in intercellular spaces (Fig. 2A). In the
control fronds, parenchymatic cells were rich in chloroplasts, which had a lenticular shape and
were arranged close to the cell wall (Fig. 2B, C); in these chloroplasts thylakoid membranes
were perfectly arranged and organized in grana, little starch grains were also present, as shown
by semi-thin sections stained with Schiff’s reagent (Fig. 2C) and TEM pictures (Fig. 2D). In
treated fronds chloroplast maintained their conformation in C1, C2 and C3 samples, however
after treatment with the highest concentration of potassium dichromate (C5, 6 mg/L),
chloroplasts were very similar to amiloplast with a reduced presence of stroma, a thylakoid

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

3.4 Evaluation of starch content

The presence of starch was determined by staining with the iodine-potassium iodide solution. In
the control fronds, starch was poor and consisted of little starch grains inside plastid perfectly
organized (Fig. 2H). In treated fronds, starting from lower concentrations of potassium
dichromate, starch grains were more abundant than in the control samples; the presence of
starch increase from treatment C1 (Fig, 2I) to C4 (Fig. 2J) and C5 (Fig. 2K). In C5 starch grains
completely occupied plastids that had lost their original shape and appeared similar to
amyloplasts (Fig. 2L). The amount of starch in the control and treated fronds, expressed by
relative units (pixel pm ), is reported in Table 1; the quantitative analyses confirmed the
qualitative observations, that the presence of starch increased from control to treated samples,

with statistically significant differences in samples C3, C4 and C5.
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3.5 Physiological analysis

Data from pigment analysis of control and treated plants are reported in Fig. 3A. The content of
chlorophyll a was variable but not significantly different in the control or treated plants. The
same was true for the carotenoid content. The content of chlorophyll b decreased in C5 and was
significantly lower than in the control; in C1, C2, C3 and C4, however, the chlorophyll b
content did not significantly differ from the control.

As shown by the graphs in Fig. 3B, the effect of potassium dichromate on the maximum
efficiency of PSII was dose-dependent, and clearly more pronounced at the higher
concentrations of chromium. In the C1 samples, which were treated with the lowest
concentration of potassium dichromate, there were no significant effects in terms of F\/Fy, ratio.
For those samples the values of F\/Fy, (0.737) were not significantly different from those of the
control (0.775; p = 0.2189). However, starting from C2 samples, there were increasing
differences with C4 and C5 being the most affected ones with Fy/Fy being below 0.700 (Fig.
3B). The PSII photochemistry was also estimated as a Fy/F, ratio since it shows a wider
dynamic range of variation with respect to F\/Fy, and thus is more sensitive to highlight the
effect of stress (Lichtenthaler et al., 2005). Considering the F\/F, ratio, the most significant
differences from the control were in samples C2 to C5 (Fig. 3B). For both values of variable
fluorescence ratios, the most marked differences compared to the control were in C3 and even

more so in C4 and C5 samples.

3.6 Microanalysis

The microanalysis was carried out in sections obtained from different portions of fronds of
treated and control plants. In the control and C1 samples no traces of Cr were observed (Fig.
4A). In samples C2, C3, C4 (Fig. 4B) and C5 there were only small traces of Cr in increasing
amounts; the highest values were observed in sample C5 (Fig. 4C), which was treated with the

highest concentrations of potassium dichromate.
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4. Discussion

Cr is the seventh most abundant metal in the earth’s crust and in the hexavalent form is one of
the major sources of environmental pollution. The reason of its toxicity in plant systems appears
to be due to its rapid permeability through biological membranes and subsequent interaction
with intercellular proteins and nucleic acids.

Our data contribute to understanding the mechanism related to Cr tolerance on the test organism
Lemna minor, which is usually used as a biomarker to biomonitor municipal, agricultural and
industrial discharge.

The effects of Cr were observed in L. minor from the lowest concentrations, as demonstrated by
the decrease of growth rate in all treated samples, but the highest effects were observed at the
highest concentration of the heavy metal. The reduction in growth was paired to a decrease in
frond size, which was more accentuated at the 6 mg/L, while between 0.5 and 3.22 mg/L (from
C1 to C4 samples) frond size was more similar to that of the control, although always lower.
Decrease in the number of fronds has also been observed in other plants treated with Cr such as
wheat (Sharma and Sharma , 1993) and bean (Barcelo et al., 1985), and reduction in frond size
has been reported in spinach (Singh, 2001). Reduction of the growth rate and frond size may be
related at the molecular level to an inhibition of cell division or elongation resulting from
oxidative stress (Karuppanapandian and Kim, 2013; Palit et al., 1994). Reduction of the growth
rate has also been reported in Lemna minor plants after treatment with Co®* (Sree at al., 2015).
During the cobalt treatment no differences in the chlorophyll content and PSII activity were
observed after 4 days but only after 7 days, suggesting that duckweed growth is initially
inhibited to a greater extent than photosynthesis (Sree at al., 2015). However, the treatment of
Lemna with Cr"" affected the chlorophyll fluorescence parameters also after a short-term
treatment (48 h) (Olah et al., 2010); this treatment did not affected photosyhthetic pigments as
strongly (Sree at al., 2015). Concentrations of Chls and carotenoids decreased in the presence of
cr¥, but not statistically significant differences were observed in relation to various Cr"'
concentrations. Our data, after seven days of treatment, confirmed the small variation in the
pigment contents caused by the Cr¥'treatment. There was a reduction in the chlorophyll b
content of samples C4 and C5 after seven days, while there was no variation in chlorophyll a
and carotenoid concentrations.

The decrease in chlorophyll b could be due to destabilization and degradation of the peripheral
PSII antenna complex (Shanker at al., 2005). Damages of PSII reaction centers was also
demonstrated by measuring the maximum efficiency of PSII. In the treated plants the decrease
in Fy/Fyand F\/F, indicates photo-inhibitory damage to the reaction center of PSII. This decline
was due to the increase in the minimum fluorescence (Fo) as shown by the comparison of F\/Fy

and Fv/F,, the latter being much more affected. The increase of F, is considered an expression
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of irreversible damage to PSII resulting in an increased fraction of energy lost by fluorescence
emission, so that leaves suffered from excess light (Bussotti et al., 2011). It has been reported
that hexavalent chromium alters the distribution of excitation energy via regulated and
nonregulated non-photochemical dissipation (Ali et al., 2008; Perreault et al., 2009). The
reduction in photosynthetic activity and chlorophyll content also corresponded to modifications
in the plastid structure. Van Assche and Clijster (1983) suggested that the overall effect of Cr
ions on photosynthesis and excitation energy transfer could also be due to Cr¥'-induced
abnormalities in the chloroplast ultrastructure such as a poorly developed lamellar system with
widely spaced thylakoid and fewer grana. Starting from the C4 sample the chloroplasts were
very similar to amyloplast with a reduced presence of stroma, a thylakoid system constituted by
few grana and large starch grains. In the C5 sample the starch grains occupied the plastid almost
completely. Our studies confirm the hypothesis of Bassi et al. (1990), who suggested that the
presence of chromium damages the plasma membrane and the proplastids fail to develop in the
normal chloroplasts resulting in the ultrastructural alterations observed.

The accumulation of starch in the plastids of the treated samples could be due to one of the
following mechanisms, besides others: (1) inhibition of export of photosynthate from source to
sink organs, leading to an accumulation of low-molecular-weight carbohydrates which might
serve as substrates for starch biosynthesis; (2) inhibition of plant growth to a larger extent than
inhibition of photosynthesis, resulting in a surplus of carbohydrates that may be stored as starch
(Sree et al., 2015). Often, starch accumulation under heavy metal stress is considered to be a
consequence of the inhibition of carbohydrate transport from leaves, which act as source for
non-photosynthetic sinks (Herren and Feller, 1997). Due to the fact that duckweed has a low
level of tissue differentiation, this model (mechanism 1) does not hold true for duckweed
(Appenroth et al., 2010), and hence we suggest a correlation between the inhibition of plant
growth and the starch storage. Sree et al. (2015) concluded that after exposure with Co #*
duckweed growth is initially (four days) inhibited to a greater extent than photosynthesis
resulting in surplus carbohydrates and starch accumulation; thereafter, photosynthesis declines
in the presence of Co®* leading to restricted availability of carbohydrates, while at the same time

the initially stored starch is remobilized.

5. Conclusions

Our data demonstrated that after seven days of treatment the effects of Cr"' on the functioning
of photosynthetic apparatus involve the oxidative damage to photosynthetic pigment rather than
inhibition of synthesis as suggested after a short treatment (48 h) by Oléh et al. (2010). Cr"'
presumably could not fundamentally interfere with the Chl synthesis, so the measured rise in F

values might evolve from inhibited energy transfer from antenna to reaction center.
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Our data also suggested a correlation between starch storage and reduced growth but it would be
interesting to measure the starch content after a short period of treatment, as has been carried
out with Co®" (Sree et al., 2015).

Finally, the microanalysis results suggest that Cr was accumulated only in small quantities in
the fronds of Lemna minor. Probably, as observed by Nematshahi et al. (2012) in Allium cepa,
Cr is first accumulated in roots, which was not done in the present study, and successively
transported to the aerial part of the plant, where it can have a direct impact on the cellular

metabolism of shoots.
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Figure Legends

Fig. 1 Growth rates and frond size. A) Average specific growth rate of Lemna minor from
moment time O to 7 (days) at different concentrations of potassium dichromate; B) Frond size in
control and treated (C1, C2, C3, C4, C5) samples. Data * standard error were reported in the
graphs. Asterisks indicate significant differences from the control (*, p < 0.05; **, p <0.01)

Fig.2 Cyto-histological observations. A-B) Transversal semi-thin sections of control fronds
stained with toluidine blue; the two epidermis and the parenchymatic tissues, with large
intercellular spaces, are evident; C) Transversal semi-thin section stained with Schiff’s reagent,
starch grains inside chloroplast appeared purple colored; D) TEM picture of parenchymatic cells
of control fronds; in chloroplast (black arrows) thylakoid membranes are organized in grana and
small starch grains are present; E) transversal semi-thin section of frond of a C5 sample,
chloroplasts (black arrows) were very similar to amyloplast; F-G) TEM pictures of
parencymatic cells of C5 samples in which few grana and big starch grains can be seen; H-L)
Transversal semi-thin sections of fronds stained with iodine-potassium iodide solution; few
starch grains (black arrows) can be seen in control fronds (H) while there is an increase in starch
from C1 (1) to C4 (J) and C5 (K,L). e = epidermis; is = intercellular space; s = starch grains.

Fig. 3 Physiological analysis. A) Effect of treatment with potassium dichromate [0.5 mg/L (C1);
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,
chlorophyll b and carotenoids. Data + standard error are reported in the graph; B) Measurement
of maximum efficiency of PSII both in terms of Fv/Fm (Fm-FO/Fm) and Fv/FO (Fm-FO/F0)
ratio at different concentrations of potassium dichromate [0.5 mg/L (C1); 0.93 mg/L (C2); 1.73
mg/L (C3); 3.22 mg/L (C4); 6 mg/L (C5)]. Fm = maximum fluorescence level of PSII; FO =
background fluorescence level. In graphs data + standard deviations were reported. Presence of
asterisks indicates significant differences from the control (*, p < 0.05; **, p < 0.01; *** p <
0.001).

Fig. 4 Pictures of fronds at Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) microanalysis to detect chromium storage after treatment with potassium dichromate. In
C1 samples no traces of chromium were observed (Fig. 4A), in the samples C4 (Fig. 4B) and C5

(Fig. 4C) only small traces of chromium were observed in increasing amounts.
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Tab. 1 Starch amount in the adventitious roots (pixel um 2 + standard error). Presence of

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

Sample pixel pm?
Control 0.18+0.04
c1 0.52 +0.25
c2 0.73+0.13
c3 0.45+0.03 *
ca 1.79+0.05 *
c5 427+041 %
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