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Abstract: A large fraction of plastic litter found in natural
environments is constituted by conventional not biodegradable plastic
bags, and their adverse effects via ingestion or entanglement on
terrestrial and marine organisms are largely documented. Biodegradable
and compostable shoppers have been recently developed as alternative to
traditional ones. These bags are specifically designed to degrade in
composting facilities and generate a product devoid of toxicity to soils
and crops. However, very little is known on the effects of bag leaching,
i.e. the transfer of chemicals from plastic into natural environments, on
vegetation. Some plant species are highly sensitive to a variety of
chemicals, and seedling growth is generally the most affected life
history stage. In this study we assessed the potential effects of
conventional (high-density polyethylene, HDPE) and compostable (Mater-
bi®, MB) bags, when left in natural environments, on water quality and
plant development. To this end, seeds of Lepidium sativum L., a
terrestrial plant commonly used in phytotoxicity standard tests, were
exposed to leachates obtained from different amount of HDPE and MB bags,
simulating various pollution degrees occurring in nature, for 72 hours.
Both not-exposed (or virgin) bags and natural weathering exposed bags
were used. Variations of chemical-physical characteristics of extracts
were used as indicative of water quality deterioration, while alterations
of seed gemination and seedling radicle and hypocotyl length were
considered as indicative of phytotoxicity. A chemical qualitative
screening of the leachates was also performed to identify the compounds
with potential phytotoxicity. Both types of bags affected water
characteristics (pH, salinity and total dissolved solids) relevant to
plants, and released into water intentionally added chemicals, such as
the noxious bisphenol A, and other phytotoxic substances probably
generated during bag manufacturing. Leachates from both bag types did
not affect seed germination. But, a significant number of seedlings
showed developmental abnormalities or reduced seedling growth. The
hypocotyl was the most sensible seedling organ to HDPE bag leachates
while the radicle was the most vulnerable to MB ones. These findings
indicate that plastic bags, including those that meet biodegradability



and compostability standards, represent a potential threat to plants, if
left in natural environments. Therefore, people and managers should be
adequately informed about the potential environmental impact of an
incorrect bag disposal. Simple, rapid standard phytotoxicity tests, such
as the L. sativum biocassay, applied to bag leachates could be used in the
future to select not noxious additives so to develop more eco-friendly
bags.

Response to Reviewers: Dear Editor,

my co-authors and I would like to submit the revised manuscript ref. No.:
ECOLIND-12441 entitled “Phytotoxicity assessment of conventional and
biodegradable plastic bags using seed germination test” modified
according to the reviewers’ comments.

Reviewer #1:
Detailed comments:

Line 95: Even though this concept is correct, all plastic materials
contain plasticizers and this notion should be presented here, as all the
references cited are related with plastic pollution and not plastic bags
in particular. I suggest to address this issue in this whole section.
Answer: Yes, it is a good suggestion. We rewrote the phrase.

Line 159: correct the word "hereafter"
Answer: We changed “hereinafter” with “hereafter” in the whole text.

Line 168: why there references are placed here? None of the studies
report these methodologies.

Answer: We added a sentence (line 179-180) to explain that the
experimental liquid to solid ratios were selected to mimic the different
amounts of plastic bags (from few fragments up to 2 bags per m2) that
have been found in natural coastal environment, and we moved the
references at the end of this phrase.

Line 201: the name of the species in italic
Answer: Done.

The manuscript is relatively long and I think that the results section
should be synthetized, for instance, the number of Figures reduced (for
supplementary material), or the Figs 3 and 4 merged.

Answer: Figures 3 and 4 were merged.

Line 369: species in italic.
Answer: Done.

Reviewer #2: For the authors:

Title:

The title is as descriptive and informative is needed. It is suggested to
make the title simpler, like "Phytotoxicity assessment of conventional
and biodegradable plastic bags using seed germination test". Like this,
words such as "leachate", "compostable" and "Lepidium sativum" could be
used in Keywords.



Answer: We changed the title, as suggested, in “Phytotoxicity assessment
of conventional and biodegradable plastic bags using seed germination
test”.

Keywords:

It is suggested to avoid using in Keywords the same terms as in the
Title. Keywords section provide authors the opportunity to use terms,
other than those used in the title, in order to increase article's
traceability.

Answer: We changed the keywords. The new keywords are “Compostable,
Leachate, Additives, Lepidium sativum, Phytotoxicity”.

1. Introduction:

This is a very well written section. Very informative, up to the point
and with the appropriate references documenting the state-of-the-art on
this field. However, the last paragraph is not appropriate. In the last
paragraph of Introduction (e.g. 10-12 lines) the following should be
given (or could be given, according the necessities of the study): the
overview of the study, the reasons for performing it, a very short
description of the methodological approach (if innovative), the
objectives of the study, the expected results and the added value. The
analysis of the methodology should not be given in this paragraph. Lines
139-148 would perfectly fit at the beginning of the 2nd chapter
(Methodology). The same applies for lines 137-139, this is an information
missing from Methodology and it is not necessary to be here, unless it is
a crucial information about the study.

Answer: We rewrote the last part of the introduction (line 135-144)
taking into account the referee suggestions. This new paragraph explained
the reason why we performed the study, what were the main hypothesis and
how they were tested, and finally pointed out the added value of the
study. We also moved lines 137-148 in the material and methods section.

2. Materials and methods:

Again, this is a very well written. But some minor clarifications and
amendments are required. For start, a small description of what and why
you want to do, is needed. It would be very beneficial for the manuscript
to provide at the beginning of this chapter a short description of your
methodology. This has been given at the last paragraph of the
Introduction, but lines 139-148 should be here and not there.

Answer: We moved the lines 139-148 in this section in order to briefly
describe the main points of the study.

- p. 6 1lin. 154: It is suggested to provide a small description (e.g. two
lines) of what you want to present in this subchapter (2.1). The reader
has to read the whole chapter to finally understand what you are
describing, it would be useful to have a small preview at the beginning
of the chapter.

Answer: We provided a brief description of what is presented in this
subchapter.

- p. 7 lin. 164-165: How the exposition period was chosen? Is it based on
a protocol or it depends on the life cycle of the material? Please, give
a short explanation.

Answer: The duration of the exposure period of bags was similar to that
used in another experimental study on the toxicity of plastic leachates
to marine organism. We added this explanation at lines 170-172.



- It is positive that the authors use references even for the steps of
the methodology. Maybe for lines 182-199 a reference could also be given,
or if it is a first-time applied technique should be mentioned, or if it
is a known technique, adjusted for the specific experiment, should also
be mentioned.

Answer: The applied methodology is a known technique adjusted for our
specific experiment. We provided a short explanation at lines 206-209
and, the specific reference was added.

- p. 8 lin. 201: Why this specific species were used? Could you please
argue on the choice of the specific test species (Lepidium sativum)? It
is briefly mentioned in the Introduction section, but it should also be
referred here.

Answer: We used Lepidium sativum L. as indicator of bag leachates
phytotoxicity because this species is considered as a biological
indicator for toxicity of wastes, soils and water contaminated with
chemicals, and its fast growth and root sensitivity to different
compounds enable its use in standard ecotoxicity tests on environmental
matrices. In the presence of cytotoxic compounds, inhibition of the
dividing processes of the root meristematic cells causes a reduction of
roots length relative to control. We added this explanation at lines 216-
222.

3. Results and discussion:

- The captions of the figures are very large and should be shortened.
Normally, is given the basic description of the figure, extended to two
lines, unless there is a quite particular reason. Some details could also
be given as footnotes at the end of the figure/table. Further description
of figures and tables is what the Results section stands for.

Answer: We shortened the captions of all figures as much as possible.
Thus, lines 301-303, 426-428, 489-491, 610-613, 632-634, 650-652 have
been shortened.

- Why tables are not incorporated in the text?
Answer: We embedded the tables within the text.

- p. 12 1lin. 279: Paragraph change is suggested here.
Answer: Done.

- p. 13 lin. 298-305: It is suggested to aggregate this paragraph with
the previous one and change paragraph in line 305 where the analysis of
salinity factor starts.

Answer: Done.

- p. 14 1lin. 314: Change of paragraph is suggested.
Answer: Done.

- p. 15 1lin. 331: Please remove or transfer this line that is between the
figure and its caption.
Answer: Done.

- p. 16 1lin. 336: Please remove this line.
Answer: Done.

4. Conclusions:
- p. 23 lin. 485: Please provide a reference in this statement.
Answer: We provided references at the end of this sentence.
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Cover Letter

Dear Editor,

my co-authors and | would like to submit the revised manuscript ref. No.: ECOLIND-12441
entitled “Phytotoxicity assessment of conventional and biodegradable plastic bags using seed
germination test” modified according to the reviewers” comments.

Reviewer #1:
Detailed comments:

Line 95: Even though this concept is correct, all plastic materials contain plasticizers and this notion
should be presented here, as all the references cited are related with plastic pollution and not plastic
bags in particular. | suggest to address this issue in this whole section.

Answer: Yes, it is a good suggestion. We rewrote the phrase.

Line 159: correct the word "hereafter"
Answer: We changed “hereinafter” with “hereafter” in the whole text.

Line 168: why there references are placed here? None of the studies report these methodologies.
Answer: We added a sentence (line 179-180) to explain that the experimental liquid to solid ratios
were selected to mimic the different amounts of plastic bags (from few fragments up to 2 bags per
m?) that have been found in natural coastal environment, and we moved the references at the end of
this phrase.

Line 201: the name of the species in italic
Answer: Done.

The manuscript is relatively long and | think that the results section should be synthetized, for
instance, the number of Figures reduced (for supplementary material), or the Figs 3 and 4 merged.
Answer: Figures 3 and 4 were merged.

Line 369: species in italic.
Answer: Done.

Reviewer #2: For the authors:

Title:

The title is as descriptive and informative is needed. It is suggested to make the title simpler, like
"Phytotoxicity assessment of conventional and biodegradable plastic bags using seed germination
test". Like this, words such as "leachate", "compostable™ and "Lepidium sativum™ could be used in
Keywords.

Answer: We changed the title, as suggested, in “Phytotoxicity assessment of conventional and

biodegradable plastic bags using seed germination fest”.



Keywords:

It is suggested to avoid using in Keywords the same terms as in the Title. Keywords section provide
authors the opportunity to use terms, other than those used in the title, in order to increase article's
traceability.

Answer: We changed the keywords. The new keywords are “Compostable, Leachate, Additives,
Lepidium sativum, Phytotoxicity .

1. Introduction:

This is a very well written section. Very informative, up to the point and with the appropriate
references documenting the state-of-the-art on this field. However, the last paragraph is not
appropriate. In the last paragraph of Introduction (e.g. 10-12 lines) the following should be given
(or could be given, according the necessities of the study): the overview of the study, the reasons for
performing it, a very short description of the methodological approach (if innovative), the
objectives of the study, the expected results and the added value. The analysis of the methodology
should not be given in this paragraph. Lines 139-148 would perfectly fit at the beginning of the 2nd
chapter (Methodology). The same applies for lines 137-139, this is an information missing from
Methodology and it is not necessary to be here, unless it is a crucial information about the study.
Answer: We rewrote the last part of the introduction (line 135-144) taking into account the referee
suggestions. This new paragraph explained the reason why we performed the study, what were the
main hypothesis and how they were tested, and finally pointed out the added value of the study. We
also moved lines 137-148 in the material and methods section.

2. Materials and methods:

Again, this is a very well written. But some minor clarifications and amendments are required. For
start, a small description of what and why you want to do, is needed. It would be very beneficial for
the manuscript to provide at the beginning of this chapter a short description of your methodology.
This has been given at the last paragraph of the Introduction, but lines 139-148 should be here and
not there.

Answer: We moved the lines 139-148 in this section in order to briefly describe the main points of
the study.

- p. 6 lin. 154: It is suggested to provide a small description (e.g. two lines) of what you want to
present in this subchapter (2.1). The reader has to read the whole chapter to finally understand what
you are describing, it would be useful to have a small preview at the beginning of the chapter.
Answer: We provided a brief description of what is presented in this subchapter.

- p. 7 lin. 164-165: How the exposition period was chosen? Is it based on a protocol or it depends
on the life cycle of the material? Please, give a short explanation.

Answer: The duration of the exposure period of bags was similar to that used in another
experimental study on the toxicity of plastic leachates to marine organism. We added this
explanation at lines 170-172.

- It is positive that the authors use references even for the steps of the methodology. Maybe for lines
182-199 a reference could also be given, or if it is a first-time applied technique should be



mentioned, or if it is a known technique, adjusted for the specific experiment, should also be
mentioned.

Answer: The applied methodology is a known technique adjusted for our specific experiment. We
provided a short explanation at lines 206-209 and, the specific reference was added.

- p. 8 lin. 201: Why this specific species were used? Could you please argue on the choice of the
specific test species (Lepidium sativum)? It is briefly mentioned in the Introduction section, but it
should also be referred here.

Answer: We used Lepidium sativum L. as indicator of bag leachates phytotoxicity because this
species is considered as a biological indicator for toxicity of wastes, soils and water contaminated
with chemicals, and its fast growth and root sensitivity to different compounds enable its use in
standard ecotoxicity tests on environmental matrices. In the presence of cytotoxic compounds,
inhibition of the dividing processes of the root meristematic cells causes a reduction of roots length
relative to control. We added this explanation at lines 216-222.

3. Results and discussion:

- The captions of the figures are very large and should be shortened. Normally, is given the basic
description of the figure, extended to two lines, unless there is a quite particular reason. Some
details could also be given as footnotes at the end of the figure/table. Further description of figures
and tables is what the Results section stands for.

Answer: We shortened the captions of all figures as much as possible. Thus, lines 301-303, 426-
428, 489-491, 610-613, 632-634, 650-652 have been shortened.

- Why tables are not incorporated in the text?
Answer: We embedded the tables within the text.

- p. 12 lin. 279: Paragraph change is suggested here.
Answer: Done.

- p. 13 lin. 298-305: It is suggested to aggregate this paragraph with the previous one and change
paragraph in line 305 where the analysis of salinity factor starts.
Answer: Done.

- p. 14 lin. 314: Change of paragraph is suggested.
Answer: Done.

- p. 15 lin. 331: Please remove or transfer this line that is between the figure and its caption.
Answer: Done.

- p. 16 lin. 336: Please remove this line.
Answer: Done.

4. Conclusions:
- p. 23 lin. 485: Please provide a reference in this statement.
Answer: We provided references at the end of this sentence.



In addition to the reviewers’ comments, we made the following changes:
-line 98: “Plastic”

-line 100: “plastic bags”

-line 101: “leach out”

-line 177: “liquid (water)- to- solid (plastic)”

-line 209: a new reference was added (Hardesty et al., 2015)

-line 218 and 222: a new reference was added (Gong et al., 1999)

As we merged the “old” fig. 3 and 4, the numbering of figures in the text has been changed:
-line 498: “Fig. 3”

-line 517: “Fig.
-line 518: “Fig.
-line 521: “Fig.
-line 657: “Fig.
-line 702: “Fig.
-line 724: “Fig.
-line 726: “Fig.
-line 729: “Fig.
-line 732: “Fig.
-line 737: “Fig.
-line 739: “Fig.
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-lines 852-854: the reference added at lines 214 and 218 (Gong et al., 1999) was included in the
reference list.

-lines 868-870: the reference added at lines 209 (Hardesty et al., 2015) was included in the
reference list.

My co-authors and | are grateful to the reviewers for their helpful suggestions.

Yours sincerely,

Elena Balestri.



*Response to Reviewers

O©CoO~NOOTA~AWNE

Reviewer #1:
Detailed comments:

Line 95: Even though this concept is correct, all plastic materials contain plasticizers and this notion
should be presented here, as all the references cited are related with plastic pollution and not plastic
bags in particular. I suggest to address this issue in this whole section.

Answer: Yes, it is a good suggestion. We rewrote the phrase.

Line 159: correct the word "hereafter"
Answer: We changed “hereinafter” with “hereafter” in the whole text.

Line 168: why there references are placed here? None of the studies report these methodologies.
Answer: We added a sentence (line 179-180) to explain that the experimental liquid to solid ratios
were selected to mimic the different amounts of plastic bags (from few fragments up to 2 bags per
m?) that have been found in natural coastal environment, and we moved the references at the end of
this phrase.

Line 201: the name of the species in italic
Answer: Done.

The manuscript is relatively long and | think that the results section should be synthetized, for
instance, the number of Figures reduced (for supplementary material), or the Figs 3 and 4 merged.
Answer: Figures 3 and 4 were merged.

Line 369: species in italic.
Answer: Done.

Reviewer #2: For the authors:

Title:

The title is as descriptive and informative is needed. It is suggested to make the title simpler, like
"Phytotoxicity assessment of conventional and biodegradable plastic bags using seed germination
test”. Like this, words such as "leachate”, "compostable” and "Lepidium sativum™ could be used in
Keywords.

Answer: We changed the title, as suggested, in “Phytotoxicity assessment of conventional and
biodegradable plastic bags using seed germination rest”.

Keywords:

It is suggested to avoid using in Keywords the same terms as in the Title. Keywords section provide
authors the opportunity to use terms, other than those used in the title, in order to increase article's
traceability.
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Answer: We changed the keywords. The new keywords are “Compostable, Leachate, Additives,
Lepidium sativum, Phytotoxicity .

1. Introduction:

This is a very well written section. Very informative, up to the point and with the appropriate
references documenting the state-of-the-art on this field. However, the last paragraph is not
appropriate. In the last paragraph of Introduction (e.g. 10-12 lines) the following should be given
(or could be given, according the necessities of the study): the overview of the study, the reasons for
performing it, a very short description of the methodological approach (if innovative), the
objectives of the study, the expected results and the added value. The analysis of the methodology
should not be given in this paragraph. Lines 139-148 would perfectly fit at the beginning of the 2nd
chapter (Methodology). The same applies for lines 137-139, this is an information missing from
Methodology and it is not necessary to be here, unless it is a crucial information about the study.
Answer: We rewrote the last part of the introduction (line 135-144) taking into account the referee
suggestions. This new paragraph explained the reason why we performed the study, what were the
main hypothesis and how they were tested, and finally pointed out the added value of the study. We
also moved lines 137-148 in the material and methods section.

2. Materials and methods:

Again, this is a very well written. But some minor clarifications and amendments are required. For
start, a small description of what and why you want to do, is needed. It would be very beneficial for
the manuscript to provide at the beginning of this chapter a short description of your methodology.
This has been given at the last paragraph of the Introduction, but lines 139-148 should be here and
not there.

Answer: We moved the lines 139-148 in this section in order to briefly describe the main points of
the study.

- p. 6 lin. 154: It is suggested to provide a small description (e.g. two lines) of what you want to
present in this subchapter (2.1). The reader has to read the whole chapter to finally understand what
you are describing, it would be useful to have a small preview at the beginning of the chapter.
Answer: We provided a brief description of what is presented in this subchapter.

- p. 7 lin. 164-165: How the exposition period was chosen? Is it based on a protocol or it depends
on the life cycle of the material? Please, give a short explanation.

Answer: The duration of the exposure period of bags was similar to that used in another
experimental study on the toxicity of plastic leachates to marine organism. We added this
explanation at lines 170-172.

- It is positive that the authors use references even for the steps of the methodology. Maybe for lines
182-199 a reference could also be given, or if it is a first-time applied technique should be
mentioned, or if it is a known technique, adjusted for the specific experiment, should also be
mentioned.

Answer: The applied methodology is a known technique adjusted for our specific experiment. We
provided a short explanation at lines 206-209 and, the specific reference was added.
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- p. 8 lin. 201: Why this specific species were used? Could you please argue on the choice of the
specific test species (Lepidium sativum)? It is briefly mentioned in the Introduction section, but it
should also be referred here.

Answer: We used Lepidium sativum L. as indicator of bag leachates phytotoxicity because this
species is considered as a biological indicator for toxicity of wastes, soils and water contaminated
with chemicals, and its fast growth and root sensitivity to different compounds enable its use in
standard ecotoxicity tests on environmental matrices. In the presence of cytotoxic compounds,
inhibition of the dividing processes of the root meristematic cells causes a reduction of roots length
relative to control. We added this explanation at lines 216-222.

3. Results and discussion:

- The captions of the figures are very large and should be shortened. Normally, is given the basic
description of the figure, extended to two lines, unless there is a quite particular reason. Some
details could also be given as footnotes at the end of the figure/table. Further description of figures
and tables is what the Results section stands for.

Answer: We shortened the captions of all figures as much as possible. Thus, lines 301-303, 426-
428, 489-491, 610-613, 632-634, 650-652 have been shortened.

- Why tables are not incorporated in the text?
Answer: We embedded the tables within the text.

- p. 12 lin. 279: Paragraph change is suggested here.
Answer: Done.

- p. 13 1in. 298-305: It is suggested to aggregate this paragraph with the previous one and change
paragraph in line 305 where the analysis of salinity factor starts.
Answer: Done.

- p. 14 lin. 314: Change of paragraph is suggested.
Answer: Done.

- p. 15 lin. 331: Please remove or transfer this line that is between the figure and its caption.
Answer: Done.

- p. 16 lin. 336: Please remove this line.
Answer: Done.

4. Conclusions:
- p. 23 lin. 485: Please provide a reference in this statement.
Answer: We provided references at the end of this sentence.

In addition to the reviewers’ comments, we made the following changes:
-line 98: “Plastic”
-line 100: “plastic bags”
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-line 101: “leach out”

-line 177: “liquid (water)- to- solid (plastic)”

-line 209: a new reference was added (Hardesty et al., 2015)
-line 218 and 222: a new reference was added (Gong et al., 1999)

As we merged the “old” fig. 3 and 4, the numbering of figures in the text has been changed:

-line 498:
-line 517:
-line 518:
-line 521.:
-line 657:
-line 702:
-line 724
-line 726:
-line 729:
-line 732:
-line 737:
-line 739:
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-lines 852-854: the reference added at lines 214 and 218 (Gong et al., 1999) was included in the
reference list.
-lines 868-870: the reference added at lines 209 (Hardesty et al., 2015) was included in the
reference list.



*Highlights (for review)

Conventional and compostable bags are a consistent fraction of plastic litter.
Harmful chemicals readily leached out of bags and affected water quality.
Leachates altered seedling development in the test plant Lepidium sativum.
Compostable bags if discarded in natural habitats may adversely affect plants.
Standard phytotoxicity tests could be useful in developing more eco-friendly bags.
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ABSTRACT

A large fraction of plastic litter found in natural environments is constituted by conventional not
biodegradable plastic bags, and their adverse effects via ingestion or entanglement on terrestrial and
marine organisms are largely documented. Biodegradable and compostable shoppers have been
recently developed as alternative to traditional ones. These bags are specifically designed to degrade
in composting facilities and generate a product devoid of toxicity to soils and crops. However, very
little is known on the effects of bag leaching, i.e. the transfer of chemicals from plastic into natural
environments, on vegetation. Some plant species are highly sensitive to a variety of chemicals, and
seedling growth is generally the most affected life history stage. In this study we assessed the
potential effects of conventional (high-density polyethylene, HDPE) and compostable (Mater-bi®,
MB) bags, when left in natural environments, on water quality and plant development. To this end,
seeds of Lepidium sativum L., a terrestrial plant commonly used in phytotoxicity standard tests,
were exposed to leachates obtained from different amount of HDPE and MB bags, simulating
various pollution degrees occurring in nature, for 72 hours. Both not-exposed (or virgin) bags and
natural weathering exposed bags were used. Variations of chemical-physical characteristics of
extracts were used as indicative of water quality deterioration, while alterations of seed gemination
and seedling radicle and hypocotyl length were considered as indicative of phytotoxicity. A
chemical qualitative screening of the leachates was also performed to identify the compounds with
potential phytotoxicity. Both types of bags affected water characteristics (pH, salinity and total
dissolved solids) relevant to plants, and released into water intentionally added chemicals, such as
the noxious bisphenol A, and other phytotoxic substances probably generated during bag
manufacturing. Leachates from both bag types did not affect seed germination. But, a significant
number of seedlings showed developmental abnormalities or reduced seedling growth. The
hypocotyl was the most sensible seedling organ to HDPE bag leachates while the radicle was the
most vulnerable to MB ones. These findings indicate that plastic bags, including those that meet

biodegradability and compostability standards, represent a potential threat to plants, if left in natural
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environments. Therefore, people and managers should be adequately informed about the potential
environmental impact of an incorrect bag disposal. Simple, rapid standard phytotoxicity tests, such
as the L. sativum bioassay, applied to bag leachates could be used in the future to select not noxious

additives so to develop more eco-friendly bags.
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1. Introduction

Pollution by plastics is a serious environmental problem affecting the whole world. Plastic bags
manufactured with conventional, virtually non-biodegradable polymers, such as polyethylene (PE),
polypropylene (PP) and high-density polyethylene (HDPE), are a consistent fraction (17-23%) of
the total amount of plastic litter found in terrestrial and marine habitats (Moore et al., 2001; Barnes
et al., 2009; Li et al., 2016; Pasternak et al., 2017; Schmuck et al., 2017). The adverse effects of bag
litter on a variety of animal organisms via entanglement or ingestion are largely documented
(Muller et al., 2012; Besseling et al., 2014; Galloway et al., 2017). Yet relatively few studies have
examined the potential effects of bags on organisms via leaching, i.e., the transfer of chemicals
from bags to the surrounding environment (Bejgarn et al., 2015), and none of these studies has
focused on vegetation. Plants play a key role in the development and maintenance of soil structure,
microbial communities and ecosystem functions (Beare et al., 1995; Kuzyakov and Blagodatskaya,
2015). Some plant species are known to be sensitive to a variety of pollutants, and the effects of
pollutant exposure are often more detrimental at the early life history stages, seed germination and
seedling growth (Li et al., 2005; Macoustra et al., 2015).

All plastic materials, including bags, contain plasticizers, pigments and organometallic
compounds (hereafter referred to as additives) that are encapsulated with the polymeric matrix
during the manufacturing process to improve item properties (Oehlmann et al., 2009; Bejgarn et al.,
2015; Avio et al., 2017; Alam et al., 2018). Plastics can also adsorb harmful chemicals from the
environment, for example persistent organic pollutants, polycyclic aromatic hydrocarbons and
metals (Avio et al., 2017; Ceccarini et al., 2018). When plastic bags are exposed to natural
environmental conditions, water-soluble additives and adsorbed chemicals can leach out (Bejgarn et
al., 2015; Alam et al., 2018) and migrate into soils where they may imbibe seeds or be taken up by
seedling roots (Wu et al., 2013; Martin-Closas et al., 2014; Rani et al., 2015; Zhang et al., 2017).

The consequences of such phenomenon on plant development could be relevant. Indeed, studies on
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the individual effects of some chemicals frequently added to traditional plastic bags, such as
bisphenol A (BPA), nonylphenol polyethoxylates and phthalic acid esters, indicate that such
substances can inhibit seed germination and reduce seedling growth in some crop- and not crop-
species (Domene et al., 2009; Staples et al., 2010; Ma et al., 2013; Pan et al., 2013; Li et al., 2018),
in addition to be noxious to animals and human health (Vandenberg et al., 2007; Talsness et al.,
2009).

Recently, several countries have banned traditional plastic bags (UNEP, 2018) and replaced
them with a new generation of bags labelled as biodegradable and compostable to mitigate the
social-ecological impact associated with plastic disposal and littering. Many of the compostable
shoppers currently marked in Europe are manufactured with environmental-friendly polymers such
as starch-based polymers (Shah et al., 2008). These new bags have specifically been developed to
be disposed at the end of their life in industrial or “home” composting systems under specific
conditions of temperature, moisture, and pH (Song et al., 2009) to totally biodegrade and generate
carbon- and nutrient-rich compost for agriculture applications. According to international standards,
the final compost has to meet fundamental requirements including safety, and it is expected to have
no impact or any ecotoxicity effects on the soil environment and plants (OECD, 2006; 1SO, 2012a;
ISO, 2012b). However, studies have shown that also biodegradable/compostable bags are entered
into natural environments, and their possible impact on the receiving ecosystems is of increasing
concern (Balestri et al., 2017; Sharma and Chatterjee, 2017; Harrison et al., 2018). In fact, once left
in natural habitats these items can require over than six months to biodegrade (Accinelli et al., 2012;
Muller et al., 2012; UNEP 2015; Balestri et al., 2017), causing alterations of chemical-physical
characteristics of the substrate and water (for example pH, temperature and redox potential) that
may be relevant to organisms (Carson et al., 2011; Green, et al., 2015), including plants (Balestri et
al., 2017). Unfortunately, the exact chemical composition of biodegradable bags is often secret, but
there is evidence that during degradation these bags can release some additives potentially toxic to

organisms (Bejgarn et al., 2015). However, current biodegradability test methods do not take into
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account the potentially adverse ecological impacts of plastic bags, additives and intermediate
polymer degradation products that can leach out of these items. Since the market of biodegradable
bags is expected to greatly increase in the next decades (European Bioplastic, 2017), assessing the
effects of new generation of bags not only on animals but also on plants should be extremely useful.
The aim of this study was to evaluate the impact of plastic bags via leaching on terrestrial higher
plants through a rapid and cost-effective standard phytotoxicity test. We hypothesized that (i) when
exposed to rainwater both types of bags would affect water quality by releasing processing
compounds and that (ii) bag leachates would influence early life plant stages. To test these
hypotheses, we examined the effects of bags on water chemical/physical properties that regulate the
availability of nutrients to plants (Hinsinger, 2001; Shrivastava and Kumar, 2015), and we
identified potentially phytotoxic compounds released by bags in leachates. Then, the phytotoxicity
of bag leachates was assessed by using a laboratory seed germination and root elongation test. The
application of standard phytotoxicity tests to plastic bag leachates could be critical for developing

alternative more eco-sustainable materials.

2. Materials and methods

To assess the effects of different types of plastic bags, conventional and compostable bags, on
water quality, leachates from bags were prepared in laboratory and chemical/physical analyses of
the leachates were performed. Both virgin bags and bags previously exposed to natural
environmental conditions were used to discriminate between the effects of plastic chemical content
and bag interaction with abiotic/biotic factors. A qualitative screening of the leachates from virgin
bags was also carried out by using gas chromatography-mass spectrometry to detect the processing
compounds leached out from bags. Then, the phytotoxicity of the leachates was evaluated in a
separate seed gemination and seedling growth experiment by using Lepidium sativum L. (garden

cress, Brassicaceae) as test species.
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2.1. Leachate preparation, chemical/physical analysis and qualitative additive screening

To prepare bag leachates for chemical/physical analyses and qualitative screening, two different
types of commercially available shopper bags, a high-density polyethylene (HDPE) bag and a
compostable and biodegradable bag purchased from local supermarkets in Italy, were used. This
latter type of bag was made of Mater-bi®(MBY), a biopolymer based on starch and vinyl-alcohol
copolymers (Sforzini et al., 2016), and it is certified for industrial composting (EN13432) and
“home” composting scheme (OK Compost Home).

A group of bags (hereafter referred to as virgin or not-exposed bags, NE) was left in laboratory
at a temperature of 22 + 1 °C. Another group of bags (hereafter referred to as exposed bags, E) was
placed outdoor (average daily temperature of 13 + 2 °C, total amount of precipitations of 57 mm
and mean daylength of 10 hours) in a back-dune area at Rosignano Solvay (43°23°N 10°26’ E,
Italy) over a period of 10 days for natural weathering. The duration of the exposure period was
similar to that of a previous study on the toxicity of bag leachates to a marine organism (Bejgarn et
al., 2015). To avoid their dispersion, the bags were individually placed on the soil substrate and
fixed with pebbles. At the end of exposition period, the bags were collected and transported to the
laboratory.

Al plastic bags were then cut into pieces of approximately 1 cm?. Different amounts of pieces
obtained from each type of bag were placed into glass flasks containing sterilized deionized water
to obtain liquid (water)- to- solid (plastic) ratios of 100, 10 and 5, corresponding respectively to
approximately 4.1 x 10, 4.1 x 10 and 8.3 x 10" bag/mL, hereafter referred to as low (L), medium
(M) and high (H) pollution degrees. These ratios were chosen to mimic various degrees of bag
pollution, in terms of number of bags per m?, occurring in natural environments (Munari et al.,
2016; Alshawafi et al., 2017; Pasternak et al., 2017; Schmuck et al., 2017). For each bag type,

sterile deionized water with no bag material was used as control (no pollution). Each treatment was
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performed in triplicate. Flasks were wrapped in aluminum foil and placed in a culture chamber on a
rotary shaker (95 rotations per minute) for 72 h (Bejgarn et al., 2015) at a temperature of 24 + 1 °C.
Thus, the experiment was a full factorial design consisting of three factors, plastic type (fixed, two
levels: HDPE and MB), exposure (fixed, two levels: not-exposed or virgin bags and exposed) and
pollution degree (fixed, four levels: control or no pollution, low, medium and high). After the
incubation period, plastic pieces were separated from the liquid phase by filtration using nylon
mesh filter (200 um) and the filtered aqueous phase obtained from each treatment were used for
water quality analysis, qualitative additive screening and seed germination test.

To examine the effect of bag leaching on water quality, a sample (30 mL) of the filtered aqueous
solution obtained from each replicate of the MB and HDPE treatments was collected, and water
chemical/physical indicators such as pH, salinity and total dissolved solids (TDS) were measured by
a multiparameter meter (H198194, Hanna Instruments). To detect the volatile organic compounds,
present in leachates, samples of the filtered aqueous phases obtained from HDPE and MB virgin
bags at the highest concentration were collected. About 30 mL of aqueous solutions were extracted
for three times with 6 mL of an organic solvent in a separation funnel. Chloroform and n-hexane
were employed for the extraction of solution deriving from HDPE bags, whilst methyl
isobutylketone (MIBK) was used for the extraction of leachates from MB bag leachates. The
aqueous and organic phases were separated, and the organic extracts were concentrated under
reduced pressure and analyzed through gas chromatography-mass spectrometry (GC-MS, Agilent
7890B-5977A) equipped with HP-5MS capillary column (30 mx0.25 mmx0.25 pum) (5%-phenyl)-
methylpolysiloxane. The carrier gas was helium with a flow of 1 mL/min. The injector and detector
temperatures were maintained at 250°C and 280°C, respectively, and the following temperature
program was adopted for the chromatographic run: 60 °C isothermal for 2 min; 10 °C/min up to 260
°C; 260 °C isothermal for 10 min. This non-polar column has an excellent inertness and low bleed
characteristics and has been successfully adopted under similar chromatographic conditions for the

analysis of different types of plasticizers and of a wide range of organic contaminants recovered by
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extraction from the aqueous phase (Hardesty et al., 2015). Organic compounds were identified on
the basis of the NIST 2.0 Mass Spectral Database and by the comparison with literature data.
Identification was restricted to the most abundant and representative organic constituents of the

leachates.

2.2. Lepidium sativum seed germination test

Lepidium sativum was used as indicator of bag leachate phytotoxicity. This species is considered
as a biological indicator for toxicity of wastes, soils and water contaminated with chemicals,
including heavy metals, petrochemical compounds and polycyclic aromatic hydrocarbons (Gong et
al., 1999). The fast growth and root sensitivity of the species to different compounds enable its use
in standard ecotoxicity tests on environmental matrices (UNICHIM, 2003; OECD, 2006; ISO,
2012a; 1SO, 2012b). In the presence of cytotoxic compounds, inhibition of the dividing processes of
the root meristematic cells causes a reduction of roots length relative to control (Gong et al., 1999).
Commercially available seeds of L. sativum (Italsementi s.n.c, Italy) were rinsed with sterile
deionized water and placed in Petri dishes (12 seeds per dish) containing a layer of cellulose filter
paper (Whatman N°1), previously moistened with 1.5 mL of one of the obtained filtered leachates,
following the same design of the leaching experiment described above. Petri dishes were sealed
with parafilm to prevent water evaporation and randomly placed in a culture chamber for 72 hours
at 24 = 1 °C in darkness, as recommended in standard phytotoxicity tests (UNICHIM, 2003). For
each treatment there were five replicate dishes. At the end of the incubation period, the number of
germinated seeds in each dish was counted and the percentage of germination was calculated. A
seed was considered to have germinated when the length of the radicle had reached at least 2 mm
(Luo et al., 2017). A visual evaluation of developmental abnormalities in seedlings (ISTA, 2003;
Chandler, 2008) was also carried out, and the percentage of abnormal seedlings was calculated.

Then, a sample of the remaining normal seedlings (n = 5) was collected at random from each Petri
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dish, and the seedlings carefully placed on squared paper and photographed for morphological
measurements. The length of the radicle and the hypocotyl of each seedling was measured with an
image analysis software (ImageJ 2, Rueden et al., 2017). The radicle to hypocotyl length ratio was
also computed as it is considered an indicator of relative allocation of biomass to belowground and
aboveground organs (Poorter et al., 2011). Before the germination test, seeds were examined under
a stereomicroscope (Wild M3C, Leica) and pressure tested with forceps. Moldy or empty seeds, and
those that did not resist the pressure were considered non-viable and thus discarded. A sample of
seeds was tested using distilled water for rapid and homogeneous germination under the assay
conditions. This test was considered valid as the end of the incubation period seed germination was

higher than 90%.

2.3. Data analysis

Non-metric multidimensional scaling (MDS) based on the Euclidean distance was conducted on
chemical-physical variables of leachates (pH, salinity and total dissolved solids) from each bag type
separately (HDPE or MB) to visualize differences among samples. To reduce the leachate variables
and determine the relationship among them, principal component analysis (PCA) was performed for
leachates from each bag type. Three-way permutational multivariate analysis of variance
(PERMANOVA) was also performed on chemical-physical data to examine the overall effect of
treatments (plastic type, bag exposure and pollution). Then, univariate three-way PERMANOVAS
were conducted on each individual chemical-physical variable.

For each bag type, separate MDS graphical representations based on the Euclidean distance were
conducted on L. sativum data (percentage of germination, percentage of abnormal seedlings,
hypocotyl and radicle length, and radicle to hypocotyl ratio) to visualize differences among
samples. A three-way multivariate PERMANOVA was also conducted on all plant variables to

compare the effects of the two different types of plastic bags (HDPE and MB), exposure and
10
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pollution degree on L. sativum performance, followed by separate univariate PERMANOVAs. Prior
to the analyses, data were appropriately transformed and normalized when necessary. In
PERMANOVAs, dissimilarities were calculated as Euclidean distances from 9999 permutations of
the residuals under a reduced model, and when significant effects were detected posteriori pair-wise
comparisons using 9999 random permutations were performed. Statistically significant terms were
checked for differences in multivariate group dispersion through permutational analysis of
multivariate dispersion (PERMDISP). All analyses were performed using PERMANOVA + add on

to PRIMER 6 statistical software (Clarke and Warwick, 2006; Anderson et al., 2008).

3. Results and discussion

3.1. Leachate chemical/physical analysis and qualitative additive screening

MDSs performed on chemical-physical variables of water extracts (pH, salinity and TDS)
obtained from each type of bag (MB or HDPE) showed an overlapping of samples belonging to
controls (no pollution) and a clear segregation of these samples from those of the pollution
treatments (Fig. 1). These findings suggest that the presence of the tested bags altered the quality of
water. For MB bag leachates, a segregation between samples from virgin and exposed bags was
also observed (Fig. 1), indicating that the examined characteristics were influenced by abiotic/biotic

factors.
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Fig. 1. Non-metric multidimensional scaling ordination (MDS) and principal component analysis
biplots of chemical-physical variables of leachates from different concentrations of not-exposed
(NE) and exposed (E) HDPE (a, b) and MB (c, d) plastic bags.

2-column fitting image, color image in online version and black-and-white image in printed version

Similar graphical representations were observed in principal component analyses (Fig. 1). The
first (PC1) and the second (PC2) principal components accounted for 97.8% and 97.1% of the total
variance for HDPE and MB leachates, respectively (Table 1). For both the materials, all the
examined variables contributed to the construction of PC1 (Table 1), and thus they were

consistently responsible for the observed differences in leachate quality among treatments.
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313 Tablel

314  Results of principal component analysis performed on chemical/physical data
315  of leachates from high-density polyethylene and Mater-bi® bags. Explained (a)
316  and cumulative (b) variance, eigenvalues and eigenvectors of leachates

317  variables are reported.

318

319  Principal components

320 1 2 3 1 2 3
321

322 High-density polyethylene Mater-bi®

323

324  a) Variance explained

325

326  Eigenvalues 2.720 0.213 0.065 2.140 0.768  0.087
327 % of variance 90.7 7.1 2.2 715 25.6 2.9
328

329  b) Cumulative variance % 90.7 97.8 100 715 97.1 100
330

331  Eigenvectors

332 pH -0.579 0544  0.607 0.425 0.891 -0.158
333  Salinity -0.591  0.233 -0.773 -0.622 0.414 0.664
334 TDS -0.562 -0.806  0.187 -0.658  0.184 -0.730
335

336

337  Results of multivariate PERMANOVA analyses revealed a significant effect of all investigated
338  factors (plastic type, exposure and pollution degree), as well as of their interaction, on the quality
339  of leachate (Table 2). A consistent effect of the interaction among all factors was also detected by
340  separate univariate PERMANOVAs for all examined variables (Table 2).
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Table 2

Results of multivariate (a) and univariate (b) PERMANOVA analysis on pH, total dissolved solids

(TDS) and salinity of leachates. Significant results are in bold, and pair-wise comparisons are

reported. NE: not-exposed bag, E: exposed bag, H: high pollution, M: medium pollution, L: low

pollution, C: control, no pollution, HDPE: high-density polyethylene bag, MB: Mater-bi® bag.

a) Multivariate PERMANOVA analysis

Source df Pseudo-F P
Plastic (PI) 1 223.11 <0.001
Exposure (E) 1 187.80 <0.001
Pollution (Po) 3 308.46 <0.001
PIXE 1 45.57 <0.001
Pl x Po 3 45.27 <0.001
E x Po 3 34.38 <0.001
PIX E x Po 3 26.02 <0.001
Residual 32
Transformation Log (x+1), normalized
b) Univariate PERMANOVA analysis
pH Salinity TDS

Source df Pseudo-F P Pseudo-F P Pseudo-F P
Plastic (PI) 1 6215.3 <0.001 3.33 0.075 2.97 0.09
Exposure (E) 1 1606.1 <0.001 112.13 <0.001 248.9 <0.001
Pollution (Po) 3 556.4 <0.001 136.09 <0.001 1343.6 <0.001
PIXE 1 997.85 <0.001 0.53 0.464 10.61 <0.001
Pl x Po 3 1218.2 <0.001 1.82 0.160 1.13 0.34
E x Po 3 214.42 <0.001 26.36 <0.001 36.91 <0.001
PIX E x Po 3 205.24 <0.001 13.96 <0.001 55.48 <0.001
Residual 32
Transformation Normalized Normalized Log (x+1), normalized
Pair-wise comparisons MB # C: NE, E HDPE #£C: E HDPE # C: NE, E

HDPE # C: E (H, M) MB # C: NE, E (H, M) MB # C: NE, E

MB # HDPE: E (H, M), NE
NE # E: HDPE (H, M), MB
MB (NE, E): H#M #L
HDPE (E): H, M #L

MB # HDPE: NE, E (H)
NE # E: HDPE (H, M), MB
HDPE (E): H#M # L

MB # HDPE: NE (H), E
NE # E: HDPE (H, M); MB
HDPE:H#M #L
MB:H#M#L

14
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The pH of MB leachates was significantly lower that of control (pH 7.29 -7.31), regardless of
exposure and pollution degree, while that of HDPE leachates was slightly higher than that of
control but only with exposed bags and at medium and high pollution degree (Fig. 2). For MB
leachates, the pH decreased with increasing pollution degree regardless of exposure, while that of
HDPE leachates increased with increasing pollution but only with exposed bags (Fig. 2; Table 2).
The pH of MB leachates was lower than that of HDPE irrespectively of pollution for virgin bags,
and only at high and medium pollution degree for exposed bags. Leachates from virgin bags had
significantly lower pH values than those from exposed bags, except that with HDPE bags at the
low pollution degree (Fig. 2; Table 2). These findings are in accordance with results of a study by
Bejgarn et al. (2015) on the leachate produced from plastic bags, showing an increase of pH in
leachates from HDPE bags and a decrease of pH with compostable/biodegradable bags. However,
Bejgarn et al. (2015) found a lower pH in the leachates obtained from compostable bags
previously exposed to artificial weathering (exposure to UV radiation) than that measured in
virgin bag leachates, and thus the opposite of that observed in the present study with MB bags.
This discrepancy could be due to the different composition of the employed biodegradable bags.
In addition, in our study exposed bags were subjected to real natural conditions for 10 days, and
during this period abiotic factors (solar UV-radiation, rain and temperature) and microorganisms
(Andrady, 2015) might have promoted plastic decomposition, causing the release of acid cations

from plastics.
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Fig. 2. Values of pH (a), salinity (b) and total dissolved solids (c) of leachates from different

concentrations of not-exposed (NE) and exposed (E) HDPE and MB plastic bags. Data are mean +

SE,n=3.

1.5- column fitting image

The salinity of HDPE leachates was significantly higher compared to that of control treatments
but only with exposed bags, while that of MB leachates was higher than controls with virgin bags
regardless of pollution degree, and only at high and medium pollution levels with exposed HDPE
bags. For both types of bag, salinity increased with increasing pollution, and HDPE leachate
salinity was higher than that of MB regardless of exposure at the high pollution degree. Leachates
from exposed bags had significantly higher salinity than those from virgin ones irrespectively of
pollution for MB bags, and at high and medium pollution degrees for HDPE bags (Fig. 2; Table
2). This finding suggests that MB bags contained or might have released more salts in water than
HDPE ones, and that both bag types might have adsorbed salts deposited with salt spray from the

adjacent coastal habitat during the exposure period.
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The values of TDS in plastic leachates were significantly higher than controls and increased
with increasing pollution degree irrespectively of exposure. The amount of TDS of MB leachates
was significantly higher than that of HDPE ones at the highest pollution degree for virgin material,
while was lower at the medium and high pollution degree for exposed materials (Fig. 2; Table 2).
Significantly higher TDS amounts were found in leachates from exposed than virgin bags, except
that for HDPE at low pollution level, indicating that weathering might have increased plastic
embrittlement, and that MB bags were more prone to fragmentation than HDPE ones due to their
greater susceptibility towards biodegradation.

Identifying potential toxic compounds in plastic bags is difficult, since their additive content
can vary widely, even for the same type of item, depending on the manufacturer and the process of
production (Groh et al., 2018; Hahladakis et al., 2018). In most previous studies, the chemical
screening of plastic leachates has failed to identify chemical structures (Lithner et al., 2012;
Bejgarn et al., 2015; Li et al., 2016). Here, in total twelve compounds have been identified in
virgin plastic bag leachates. Mass spectra interpreted by NIST library were well matched and a
qualitative analysis of the extracts has been performed. The largely prevailing compound in the
chromatogram of HDPE chloroform extract (Fig. 3) was identified as BPA, an antioxidant, flame
retardant commonly added to plastics. On the other hand, the extraction of HDPE leachate with n-
hexane allowed to reveal the presence of seven different organic compounds with a long alkyl
chain, soluble in this alkane (Fig. 3). Linear long-chain alkanes and alkenes resulted the prevailing
components. These products can derive from the addition of a wax, by-product of polyethylene
manufacture, which gives to the polymer more pronounced plasticization (AlMaadeed et al.,

2015).
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Fig. 3. Chromatograms of the chloroform extract (a) and of the hexane extract (b) from HDPE

virgin bag leachate, and organic molecules present in the chromatogram of n-hexane extract (c).

Chromatogram of the methyl isobutylketone extract (d) from the MB virgin bag leachate.

1.5- column fitting image
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493  Dodecanoic and oleic acids have been also ascertained, probably deriving from ester plasticizers
494 used as co-processing additives for the polyolefin (Mantese Sander et al., 2012). In fact, also di-
495  (2-ethylhexyl)adipate, also known as DEHA, a largely used plasticizer, was identified. Instead,
496  the four organic compounds extracted from MB bag leachate with MIBK were identified as traces
497  of butanel,4-diol, 2-ethylbutyl hexanoate, 1,6-dioxacyclododecane-7,12-dione and traces of

498  butanoic acid anhydride (Fig. 3). The first compound, in very low amount is the co-monomer of
499  adipic acid in the polyester poly(butylene adipate), employed with corn starch for the preparation
500  of Mater-bi®. The second compound is a hydrolytically stable ester used as volatile plasticizer or
501 coalescing agent for coatings (Patent EP0026982A1, 1979). The third and largely prevailing

502  compound could be a non-intentionally added substance or it could derive from decomposition of
503 the initial components, or because of chemical interactions between them (Watanabe et al., 2007).
504 It has been indeed found as new formed molecule from the reaction between butane 1,4-diol and
505  adipic acid, the monomers of the polyester poly(butylene adipate) present in Mater-bi® (Canellas
506 etal., 2015). Thus, the significant presence of 1,6-dioxacyclododecane-7,12-dione, as well of low
507 amounts of free butane 1,4-diol, can suggest the depolymerization of the polyester with release of
508 the free monomers, that could be probably responsible for the observed higher acidity and salinity
509 of MB leachates (Rychter et al., 2010). Finally, traces of butanoic acid anhydride can be a residue
510  of the starch esterification reaction. Butyrated corn starch is often present in Mater-bi® because
511  this modified starch is able to increase the hydrophobicity and the flexibility of the biopolymer
512 (Rahimetal., 2012).

513

514 3.2 Lepidium sativum seed germination test

515

516 After three days of incubation, total percent of germination of L. sativum seeds treated with
517  plastic leachates was similar to that of the controls (Fig. 4). However, a significant number of

518 germinated seeds treated with plastic leachates produced deformed seedlings (Fig. 5) and inhibitory
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growth effects were detected in many normal seedlings. MDS plots performed on all plant

variables showed a segregation between samples belonging to plastic treatments and controls, more

evident with MB bag samples than with HDPE ones (Fig. 6). Results of multivariate
PERMANOVA revealed a significant effect of the interaction among plastic type, exposure and
pollution, and this effect was effectively ascribable to the investigated factors and not to
heterogeneity in multivariate dispersion (Table 3). Results of univariate PERMANOVA for all

examined plant variables are reported in Table 4.

Table 3

Results of multivariate PERMANOVA analysis
performed on L. sativum variables (percentage of
germination, percentage of abnormal seedlings,
hypocotyl length, radicle length and radicle to
hypocotyl ratio). The transformation applied to data

is also reported. Significant results are in bold.

Source df  Pseudo-F P
Plastic (PI) 1 4.43 0.003
Exposure (E) 1 3.44 0.015
Pollution (Po) 3 22.33 <0.001
Pol x E 1 6.25 <0.001
Pl x Po 3 1.79 0.063
E x Po 3 1.94 0.044
Pl x E x Po 3 4.07 <0.001
Residual 64

Transformation

Log (x+1), normalized
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Table 4

Results of univariate PERMANOVA analysis performed on L. sativum variables (percentage of

germination, percentage of abnormal seedlings, radicle length, hypocotyl length and radicle to

hypocotyl ratio). Significant results are in bold. Transformation applied to data and pair-wise

comparisons are reported. NE: not-exposed bag, E: exposed bag, H: high pollution, M: medium

pollution, L: low pollution, C: control or no pollution, HDPE: high-density polyethylene bag, MB:

Mater-bi® bag.

Germination (%)

Abnormalities (%)

Source d.f. Pseudo-F P Pseudo-F P
Plastic (PI) 1 0.13 0.713 13.99 <0.001
Exposure (E) 1 0.54 0.461 8.44 0.004
Pollution (Po) 3 1.08 0.359 30.98 <0.001
PIXE 1 0.14 0.724 0.53 0.465
Pl x Po 3 0.86 0.471 1.93 0.125
E x Po 3 1.99 0.122 1.14 0.342
PIX E x Po 3 0.86 0.466 1.19 0.322
Residual 64

Transformation None Fourth root

Pair-wise comparisons

MB HDPE# C;NE#E

Radicle length Hypocotyl length Radicle to
(cm) (cm) hypocotyl ratio

Source d.f. Pseudo-F P Pseudo-F P Pseudo-F P
Plastic (PI) 1 10.83 0.001 16.85 <0.001 4.37E-2 0.830
Exposure (E) 1 0.80 0.374 12.32 <0.001 4.83 0.032
Pollution (Po) 3 96.15 <0.001 138.4 <0.001 1.58 0.201
PIXE 1 2.26 0.130 7.30 0.009 22.84 <0.001
Pl x Po 3 6.19 <0.001 8.43 <0.001 0.23 0.870
E x Po 3 3.99 0.013 5.82 0.001 0.92 0.444
PIX E x Po 3 2.23 0.092 10.43 <0.001 9.85 <0.001
Residual 64
Transformation Log (x+1) Square root None
Pair-wise comparisons MB, HDPE = C HDPE = C:NE,E (M,L) HDPE #C: E (H)

MB = HDPE: H MB = C MB = HDPE: NE, E (H)

HDPE, MB: H= M, L

MB # HDPE: E (H)
NE # E: HDPE (H)
MB (NE): M # L

NE = E: HDPE, MB (H)
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There was no consistent effect of plastic leachate on percent seed germination, probably because the

germination stage is independent from substrate and the radicle does still not contribute to pollutant-

uptake (Milberg and Lamont, 1997).

a)

"

Total germination

c) H NE
CJE

Radicle length (cm) Abnormal seedlings
(

d)

Hypocotyl length
(cm

e) - e

Radicle to hypocotyl
io

c Low Medium High C Low Medium High
High-density polyethylene (HDPE) Mater-bi (MB)

Fig. 4. Percentages of seed germination (a) and abnormal seedlings (b), radicle length (c), hypocotyl

length (d), and radicle to hypocotyl ratio (e) of L. sativum seedlings treated with different
concentrations of leachates from not-exposed (NE) and exposed (E) HDPE and MB plastic bags.
Data are mean + SE, n = 5.

1.5-column fitting image
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Fig. 5. Lepidium sativum seedlings. A normal seedling (a), and abnormal seedlings grown with bag
leachates showing deformed cotyledons (b), a twisted hypocotyl (c), missing radicle (d) and
deformity of the whole seedling (e).

1.5-column fitting image

Color image in online version and black-and-white image in printed version
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2-column fitting image

However, up to 40% of the seeds germinated in the presence of plastic leachates showed

developmental abnormalities, such as a short or stubby radicle, twisted hypocotyl and malformed

and/or supernumerary cotyledons (Fig. 5; Table 5), indicating leachate phytotoxic effects (ISTA,

2003; Chandler, 2008; De Barro, 2008).
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Table 5
Number of normal and abnormal L. sativum seedlings observed after incubation of seeds
with leachates obtained from not-exposed and exposed high-density polyethylene bags (a)

and Mater-bi® bags (b) at the different pollution degrees, low, medium and high.

Total number of seeds  Total number of abnormal seedlings

Short/ Twisted Malformed
stubby  hypocotyl supernumerary/

radicle cotyledon

a) High-density polyethylene

Not-exposed High pollution 60 5 2 1
Medium pollution 60 5 2 4
Low pollution 60 3 2 3

Exposed High pollution 60 3 1 0
Medium pollution 60 0 1 0
Low pollution 60 3 1 1

b) Mater-bi®

Not-exposed High pollution 60 18 3 2
Medium pollution 60 9 4 4
Low pollution 60 8 3 2

Exposed High pollution 60 4 0 1
Medium pollution 60 4 2 2
Low pollution 60 5 3 5

Indeed, similar abnormalities have been observed in crops species and are considered as
characteristics of seedlings exposed to toxic chemicals (Mitchell et al., 1988; De Barro, 2008).
Overall, a higher number of abnormal seedlings, as well as of normal seedlings with reduced
growth, was detected with leachates from not-exposed bags compared to exposed ones (Fig. 4;
Table 4). These findings demonstrate that the chemicals responsible for such detrimental effects
were present in virgin material, and were not absorbed by bags from the environment. They also

indicate that a fraction of these chemicals was migrated into the environment during the exposure
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period. Available data on the effects of additives used in the manufacturing of traditional bags on
plants indicate that BPA can have a clastogenic activity and induce morphological alterations of
roots and shoots through the inhibition of both cell elongation and cell division, as well as alteration
of gene expression and hormone function (Ferrara et al., 2006; Chandler, 2008; Weizbauer et al.,
2011; Gupta et al., 2012). Instead, DEHA was ascertained as toxic at high concentration to some
aquatic organisms (Lambert et al., 2010). Therefore, the developmental abnormalities observed in
the present study in seedlings grown with HDPE bag leachates could be mainly related to the
interference of BPA released from bags with plant hormonal metabolism and signaling. However,
also the other identified compounds with phytotoxicity effects, such as for example oleic acid
(Jyothi et al., 2014), might have contributed. Instead, the abnormalities detected in seedlings treated
with MB leachates could mainly be attributed to the presence of 1,6-dioxacyclododecane-7,12-
dione. Its presence, as well as that of traces of butane 1,4-diol, suggests a certain extent of
depolymerization of the polyester poly(butylene adipate) with the release of butane 1,4-diol and
adipic acid. This latter monomer is known to be toxic to aquatic organisms, including algae

(Kennedy, 2002). Clearly, further studies are needed to confirm our hypotheses about the effects of

these compounds on higher plants.

As concerning early seedling growth, the radicle of seedlings treated with leachates was
significantly shorter than that of control groups, regardless of bag type, exposure and pollution
degree (Fig. 4; Table 4). At the highest pollution level, the radicle of seedlings treated with MB
leachates was reduced compared to that of seedlings grown with HDPE leachates, regardless of
exposure condition (Fig. 4; Table 4). Also, the hypocotyl of seedlings treated with plastic leachates
was shorter than that of controls, except that of those exposed to HDPE bags at the highest pollution
degree. Leachates from exposed MB bags were more effective in reducing hypocotyl elongation
than those from HDPE bags, even if only at the highest pollution degree (Fig. 4; Table 4). Here,
seedlings treated with virgin MB bag leachates showed lower radicle to hypocotyl ratio than those

grown with HDPE at the high pollution degree, while the reverse occurred in seedlings treated with
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leachates from exposed materials (Fig. 4; Table 4). This could be due to differential effects of the
two type of bags on biomass allocation to belowground and aboveground organs (Poorter, 2011).
With HDPE leachates, significantly lower radicle to hypocotyl ratios were detected with exposed
materials compared to virgin ones, suggesting that the chemicals migrated from bags to the
environment before the leaching experiment could have greater growth inhibitory effect on the
hypocotyl than on the radicle (Fig. 4; Table 4). Instead, with MB leachates higher radicle to
hypocotyl ratios were observed with exposed materials compared to virgin ones, thus the
compounds released in the environment could have larger adverse effects on radicle growth (Fig. 4;
Table 4). Previous studies have shown that the growth of L. sativum seedlings is not influenced by
variations of substrate pH between 4.4 and 8.8, while the presence of relatively high salt
concentrations (about NaCl 50 mM) can inhibit the growth of the radicle and the plumule (El-Darier
and Youssef, 2000; Bonanomi et al., 2006). In our study, the pH of leachates was lower than 4.4
only for MB virgin bags at the highest pollution level, and the highest values of salinity measured in
leachates (about 2 mM) was lower than that reported to affect L. sativum. Therefore, the inhibitory
effects on radicle growth observed with MB bag leachates could be explained by both water
acidification and presence of released compounds. Instead, the suppression of hypocotyl growth
observed with HDPE leachates could be mainly related to the presence of BPA. Overall, the results
of this study show that leachates of traditional and compostable bags are toxic to the test species L.
sativum, and provide new experimental evidence that leaching can occur in natural habitats causing

contamination of soils and water available to plants.

4. Conclusions

The substitution of conventional plastic bags with biodegradable ones is a widely accepted
strategy to reduce the environmental impact of plastic litter. Results of the present study

demonstrate, however, that both types of bags can release processing compounds when incorrectly
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discarded in natural terrestrial environments due to precipitations, and hence can contaminate soils
and waters. The Lepidium sativum seed germination test reveals that bag leachates can adversely
affect seedling growth, and they could be thus potentially toxic to other higher plants. These
findings are of particular ecological and managerial relevance. They indicate that international
standards currently used to certify the compostability of bags, although more stringent than those
developed for testing their biodegradability, cannot exclude the occurrence of adverse
environmental effects of bags when abandoned on natural habitats. This is because in composting
facilities phytotoxic water-soluble compounds, intentionally or non-intentionally added to plastics,
can be gradually eliminated from litter as the degradation proceeds. Instead, in natural
environments, these chemicals can quickly migrate out of plastic and be absorbed by roots affecting
plant development. Thus, people and managers need to be adequately informed about the potential
environmental impact of an incorrect disposal of bags.

The presence of additives used to manufacture plastic items, such as for example BPA, in natural
environments is of great concern, due to their notorious adverse effects on human health and on
marine and terrestrial organisms (Vandenberg et al., 2007; Talsness et al., 2009; Bejgarn et al.,
2015). Many efforts have recently been made to develop eco-friendly, biodegradable substances
(including bio-based compounds) as alternative to traditional additives. Our results suggest that in
screening new plastic bag additives, special attention should be also paid in the future to their
eventual transformation during the manufacturing process in products toxic to animals and plants.
In this context, simple, rapid standard phytotoxicity tests performed on bag leachates, based on
higher plants such as the Lepidium sativum seed germination and radicle elongation assay, could be

useful tools.
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ABSTRACT

A large fraction of plastic litter found in natural environments is constituted by conventional not
biodegradable plastic bags, and their adverse effects via ingestion or entanglement on terrestrial and
marine organisms are largely documented. Biodegradable and compostable shoppers have been
recently developed as alternative to traditional ones. These bags are specifically designed to degrade
in composting facilities and generate a product devoid of toxicity to soils and crops. However, very
little is known on the effects of bag leaching, i.e. the transfer of chemicals from plastic into natural
environments, on vegetation. Some plant species are highly sensitive to a variety of chemicals, and
seedling growth is generally the most affected life history stage. In this study we assessed the
potential effects of conventional (high-density polyethylene, HDPE) and compostable (Mater-bi®,
MB) bags, when left in natural environments, on water quality and plant development. To this end,
seeds of Lepidium sativum L., a terrestrial plant commonly used in phytotoxicity standard tests,
were exposed to leachates obtained from different amount of HDPE and MB bags, simulating
various pollution degrees occurring in nature, for 72 hours. Both not-exposed (or virgin) bags and
natural weathering exposed bags were used. Variations of chemical-physical characteristics of
extracts were used as indicative of water quality deterioration, while alterations of seed gemination
and seedling radicle and hypocotyl length were considered as indicative of phytotoxicity. A
chemical qualitative screening of the leachates was also performed to identify the compounds with
potential phytotoxicity. Both types of bags affected water characteristics (pH, salinity and total
dissolved solids) relevant to plants, and released into water intentionally added chemicals, such as
the noxious bisphenol A, and other phytotoxic substances probably generated during bag
manufacturing. Leachates from both bag types did not affect seed germination. But, a significant
number of seedlings showed developmental abnormalities or reduced seedling growth. The
hypocotyl was the most sensible seedling organ to HDPE bag leachates while the radicle was the
most vulnerable to MB ones. These findings indicate that plastic bags, including those that meet

biodegradability and compostability standards, represent a potential threat to plants, if left in natural
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environments. Therefore, people and managers should be adequately informed about the potential
environmental impact of an incorrect bag disposal. Simple, rapid standard phytotoxicity tests, such
as the L. sativum bioassay, applied to bag leachates could be used in the future to select not noxious

additives so to develop more eco-friendly bags.
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Compostable; Leachate; Additives; Lepidium sativum; Phytotoxicity
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1. Introduction

Pollution by plastics is a serious environmental problem affecting the whole world. Plastic bags
manufactured with conventional, virtually non-biodegradable polymers, such as polyethylene (PE),
polypropylene (PP) and high-density polyethylene (HDPE), are a consistent fraction (17-23%) of
the total amount of plastic litter found in terrestrial and marine habitats (Moore et al., 2001; Barnes
et al., 2009; Li et al., 2016; Pasternak et al., 2017; Schmuck et al., 2017). The adverse effects of bag
litter on a variety of animal organisms via entanglement or ingestion are largely documented
(Muller et al., 2012; Besseling et al., 2014; Galloway et al., 2017). Yet relatively few studies have
examined the potential effects of bags on organisms via leaching, i.e., the transfer of chemicals
from bags to the surrounding environment (Bejgarn et al., 2015), and none of these studies has
focused on vegetation. Plants play a key role in the development and maintenance of soil structure,
microbial communities and ecosystem functions (Beare et al., 1995; Kuzyakov and Blagodatskaya,
2015). Some plant species are known to be sensitive to a variety of pollutants, and the effects of
pollutant exposure are often more detrimental at the early life history stages, seed germination and
seedling growth (Li et al., 2005; Macoustra et al., 2015).

All plastic materials, including bags, contain plasticizers, pigments and organometallic
compounds (hereafter referred to as additives) that are encapsulated with the polymeric matrix
during the manufacturing process to improve item properties (Oehlmann et al., 2009; Bejgarn et al.,
2015; Avio et al., 2017; Alam et al., 2018). Plastics can also adsorb harmful chemicals from the
environment, for example persistent organic pollutants, polycyclic aromatic hydrocarbons and
metals (Avio et al., 2017; Ceccarini et al., 2018). When plastic bags are exposed to natural
environmental conditions, water-soluble additives and adsorbed chemicals can leach out (Bejgarn et
al., 2015; Alam et al., 2018) and migrate into soils where they may imbibe seeds or be taken up by
seedling roots (Wu et al., 2013; Martin-Closas et al., 2014; Rani et al., 2015; Zhang et al., 2017).

The consequences of such phenomenon on plant development could be relevant. Indeed, studies on

4
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the individual effects of some chemicals frequently added to traditional plastic bags, such as
bisphenol A (BPA), nonylphenol polyethoxylates and phthalic acid esters, indicate that such
substances can inhibit seed germination and reduce seedling growth in some crop- and not crop-
species (Domene et al., 2009; Staples et al., 2010; Ma et al., 2013; Pan et al., 2013; Li et al., 2018),
in addition to be noxious to animals and human health (\Vandenberg et al., 2007; Talsness et al.,
2009).

Recently, several countries have banned traditional plastic bags (UNEP, 2018) and replaced
them with a new generation of bags labelled as biodegradable and compostable to mitigate the
social-ecological impact associated with plastic disposal and littering. Many of the compostable
shoppers currently marked in Europe are manufactured with environmental-friendly polymers such
as starch-based polymers (Shah et al., 2008). These new bags have specifically been developed to
be disposed at the end of their life in industrial or “home” composting systems under specific
conditions of temperature, moisture, and pH (Song et al., 2009) to totally biodegrade and generate
carbon- and nutrient-rich compost for agriculture applications. According to international standards,
the final compost has to meet fundamental requirements including safety, and it is expected to have
no impact or any ecotoxicity effects on the soil environment and plants (OECD, 2006; 1SO, 2012a;
ISO, 2012b). However, studies have shown that also biodegradable/compostable bags are entered
into natural environments, and their possible impact on the receiving ecosystems is of increasing
concern (Balestri et al., 2017; Sharma and Chatterjee, 2017; Harrison et al., 2018). In fact, once left
in natural habitats these items can require over than six months to biodegrade (Accinelli et al., 2012;
Muller et al., 2012; UNEP 2015; Balestri et al., 2017), causing alterations of chemical-physical
characteristics of the substrate and water (for example pH, temperature and redox potential) that
may be relevant to organisms (Carson et al., 2011; Green, et al., 2015), including plants (Balestri et
al., 2017). Unfortunately, the exact chemical composition of biodegradable bags is often secret, but
there is evidence that during degradation these bags can release some additives potentially toxic to

organisms (Bejgarn et al., 2015). However, current biodegradability test methods do not take into
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account the potentially adverse ecological impacts of plastic bags, additives and intermediate
polymer degradation products that can leach out of these items. Since the market of biodegradable
bags is expected to greatly increase in the next decades (European Bioplastic, 2017), assessing the
effects of new generation of bags not only on animals but also on plants should be extremely useful.
The aim of this study was to evaluate the impact of plastic bags via leaching on terrestrial higher
plants through a rapid and cost-effective standard phytotoxicity test. We hypothesized that (i) when
exposed to rainwater both types of bags would affect water quality by releasing processing
compounds and that (ii) bag leachates would influence early life plant stages. To test these
hypotheses, we examined the effects of bags on water chemical/physical properties that regulate the
availability of nutrients to plants (Hinsinger, 2001; Shrivastava and Kumar, 2015), and we
identified potentially phytotoxic compounds released by bags in leachates. Then, the phytotoxicity
of bag leachates was assessed by using a laboratory seed germination and root elongation test. The
application of standard phytotoxicity tests to plastic bag leachates could be critical for developing

alternative more eco-sustainable materials.

2. Materials and methods

To assess the effects of different types of plastic bags, conventional and compostable bags, on
water quality, leachates from bags were prepared in laboratory and chemical/physical analyses of
the leachates were performed. Both virgin bags and bags previously exposed to natural
environmental conditions were used to discriminate between the effects of plastic chemical content
and bag interaction with abiotic/biotic factors. A qualitative screening of the leachates from virgin
bags was also carried out by using gas chromatography-mass spectrometry to detect the processing
compounds leached out from bags. Then, the phytotoxicity of the leachates was evaluated in a
separate seed gemination and seedling growth experiment by using Lepidium sativum L. (garden

cress, Brassicaceae) as test species.
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2.1. Leachate preparation, chemical/physical analysis and qualitative additive screening

To prepare bag leachates for chemical/physical analyses and qualitative screening, two different
types of commercially available shopper bags, a high-density polyethylene (HDPE) bag and a
compostable and biodegradable bag purchased from local supermarkets in Italy, were used. This
latter type of bag was made of Mater-bi®(MBY), a biopolymer based on starch and vinyl-alcohol
copolymers (Sforzini et al., 2016), and it is certified for industrial composting (EN13432) and
“home” composting scheme (OK Compost Home).

A group of bags (hereafter referred to as virgin or not-exposed bags, NE) was left in laboratory
at a temperature of 22 + 1 °C. Another group of bags (hereafter referred to as exposed bags, E) was
placed outdoor (average daily temperature of 13 + 2 °C, total amount of precipitations of 57 mm
and mean daylength of 10 hours) in a back-dune area at Rosignano Solvay (43°23°N 10°26’ E,
Italy) over a period of 10 days for natural weathering. The duration of the exposure period was
similar to that of a previous study on the toxicity of bag leachates to a marine organism (Bejgarn et
al., 2015). To avoid their dispersion, the bags were individually placed on the soil substrate and
fixed with pebbles. At the end of exposition period, the bags were collected and transported to the
laboratory.

Al plastic bags were then cut into pieces of approximately 1 cm?. Different amounts of pieces
obtained from each type of bag were placed into glass flasks containing sterilized deionized water
to obtain liquid (water)- to- solid (plastic) ratios of 100, 10 and 5, corresponding respectively to
approximately 4.1 x 10, 4.1 x 10 and 8.3 x 10" bag/mL, hereafter referred to as low (L), medium
(M) and high (H) pollution degrees. These ratios were chosen to mimic various degrees of bag
pollution, in terms of bag density, occurring in natural environments (up to 1 bag m; Munari et al.,
2016; Alshawafi et al., 2017; Pasternak et al., 2017; Schmuck et al., 2017). For each bag type,

sterile deionized water with no bag material was used as control (no pollution). Each treatment was
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performed in triplicate. Flasks were wrapped in aluminum foil and placed in a culture chamber on a
rotary shaker (95 rotations per minute) for 72 h (Bejgarn et al., 2015) at a temperature of 24 + 1 °C.
Thus, the experiment was a full factorial design consisting of three factors, plastic type (fixed, two
levels: HDPE and MB), exposure (fixed, two levels: not-exposed or virgin bags and exposed) and
pollution degree (fixed, four levels: control or no pollution, low, medium and high). After the
incubation period, plastic pieces were separated from the liquid phase by filtration using nylon
mesh filter (200 um) and the filtered aqueous phase obtained from each treatment were used for
water quality analysis, qualitative additive screening and seed germination test.

To examine the effect of bag leaching on water quality, a sample (30 mL) of the filtered aqueous
solution obtained from each replicate of the MB and HDPE treatments was collected, and water
chemical/physical indicators such as pH, salinity and total dissolved solids (TDS) were measured by
a multiparameter meter (H198194, Hanna Instruments). To detect the volatile organic compounds,
present in leachates, samples of the filtered aqueous phases obtained from HDPE and MB virgin
bags at the highest concentration were collected. About 30 mL of aqueous solutions were extracted
for three times with 6 mL of an organic solvent in a separation funnel. Chloroform and n-hexane
were employed for the extraction of solution deriving from HDPE bags, whilst methyl
isobutylketone (MIBK) was used for the extraction of leachates from MB bag leachates. The
aqueous and organic phases were separated, and the organic extracts were concentrated under
reduced pressure and analyzed through gas chromatography-mass spectrometry (GC-MS, Agilent
7890B-5977A) equipped with HP-5MS capillary column (30 mx0.25 mmx0.25 pum) (5%-phenyl)-
methylpolysiloxane. The carrier gas was helium with a flow of 1 mL/min. The injector and detector
temperatures were maintained at 250°C and 280°C, respectively, and the following temperature
program was adopted for the chromatographic run: 60 °C isothermal for 2 min; 10 °C/min up to 260
°C; 260 °C isothermal for 10 min. This non-polar column has an excellent inertness and low bleed
characteristics and has been successfully adopted under similar chromatographic conditions for the

analysis of different types of plasticizers and of a wide range of organic contaminants recovered by
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extraction from the aqueous phase (Hardesty et al., 2015). Organic compounds were identified on
the basis of the NIST 2.0 Mass Spectral Database and by the comparison with literature data.
Identification was restricted to the most abundant and representative organic constituents of the

leachates.

2.2. Lepidium sativum seed germination test

Lepidium sativum was used as indicator of bag leachate phytotoxicity. This species is considered
as a biological indicator for toxicity of wastes, soils and water contaminated with chemicals,
including heavy metals, petrochemical compounds and polycyclic aromatic hydrocarbons (Gong et
al., 1999). The fast growth and root sensitivity of the species to different compounds enable its use
in standard ecotoxicity tests on environmental matrices (UNICHIM, 2003; OECD, 2006; ISO,
2012a; 1SO, 2012b). In the presence of cytotoxic compounds, inhibition of the dividing processes of
the root meristematic cells causes a reduction of roots length relative to control (Gong et al., 1999).
Commercially available seeds of L. sativum (Italsementi s.n.c, Italy) were rinsed with sterile
deionized water and placed in Petri dishes (12 seeds per dish) containing a layer of cellulose filter
paper (Whatman N°1), previously moistened with 1.5 mL of one of the obtained filtered leachates,
following the same design of the leaching experiment described above. Petri dishes were sealed
with parafilm to prevent water evaporation and randomly placed in a culture chamber for 72 hours
at 24 = 1 °C in darkness, as recommended in standard phytotoxicity tests (UNICHIM, 2003). For
each treatment there were five replicate dishes. At the end of the incubation period, the number of
germinated seeds in each dish was counted and the percentage of germination was calculated. A
seed was considered to have germinated when the length of the radicle had reached at least 2 mm
(Luo et al., 2017). A visual evaluation of developmental abnormalities in seedlings (ISTA, 2003;
Chandler, 2008) was also carried out, and the percentage of abnormal seedlings was calculated.

Then, a sample of the remaining normal seedlings (n = 5) was collected at random from each Petri
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dish, and the seedlings carefully placed on squared paper and photographed for morphological
measurements. The length of the radicle and the hypocotyl of each seedling was measured with an
image analysis software (ImageJ 2, Rueden et al., 2017). The radicle to hypocotyl length ratio was
also computed as it is considered an indicator of relative allocation of biomass to belowground and
aboveground organs (Poorter et al., 2011). Before the germination test, seeds were examined under
a stereomicroscope (Wild M3C, Leica) and pressure tested with forceps. Moldy or empty seeds, and
those that did not resist the pressure were considered non-viable and thus discarded. A sample of
seeds was tested using distilled water for rapid and homogeneous germination under the assay
conditions. This test was considered valid as the end of the incubation period seed germination was

higher than 90%.

2.3. Data analysis

Non-metric multidimensional scaling (MDS) based on the Euclidean distance was conducted on
chemical-physical variables of leachates (pH, salinity and total dissolved solids) from each bag type
separately (HDPE or MB) to visualize differences among samples. To reduce the leachate variables
and determine the relationship among them, principal component analysis (PCA) was performed for
leachates from each bag type. Three-way permutational multivariate analysis of variance
(PERMANOVA) was also performed on chemical-physical data to examine the overall effect of
treatments (plastic type, bag exposure and pollution). Then, univariate three-way PERMANOVAS
were conducted on each individual chemical-physical variable.

For each bag type, separate MDS graphical representations based on the Euclidean distance were
conducted on L. sativum data (percentage of germination, percentage of abnormal seedlings,
hypocotyl and radicle length, and radicle to hypocotyl ratio) to visualize differences among
samples. A three-way multivariate PERMANOVA was also conducted on all plant variables to

compare the effects of the two different types of plastic bags (HDPE and MB), exposure and
10
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pollution degree on L. sativum performance, followed by separate univariate PERMANOVAs. Prior
to the analyses, data were appropriately transformed and normalized when necessary. In
PERMANOVAS, dissimilarities were calculated as Euclidean distances from 9999 permutations of
the residuals under a reduced model, and when significant effects were detected posteriori pair-wise
comparisons using 9999 random permutations were performed. Statistically significant terms were
checked for differences in multivariate group dispersion through permutational analysis of
multivariate dispersion (PERMDISP). All analyses were performed using PERMANOVA + add on

to PRIMER 6 statistical software (Clarke and Warwick, 2006; Anderson et al., 2008).

3. Results and discussion

3.1. Leachate chemical/physical analysis and qualitative additive screening

MDSs performed on chemical-physical variables of water extracts (pH, salinity and TDS)
obtained from each type of bag (MB or HDPE) showed an overlapping of samples belonging to
controls (no pollution) and a clear segregation of these samples from those of the pollution
treatments (Fig. 1). These findings suggest that the presence of the tested bags altered the quality of
water. For MB bag leachates, a segregation between samples from virgin and exposed bags was
also observed (Fig. 1), indicating that the examined characteristics were influenced by abiotic/biotic

factors.
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Fig. 1. Non-metric multidimensional scaling ordination (MDS) and principal component analysis
biplots of chemical-physical variables of leachates from different concentrations of not-exposed
(NE) and exposed (E) HDPE (a, b) and MB (c, d) plastic bags.

2-column fitting image, color image in online version and black-and-white image in printed version

Similar graphical representations were observed in principal component analyses (Fig. 1). The
first (PC1) and the second (PC2) principal components accounted for 97.8% and 97.1% of the total
variance for HDPE and MB leachates, respectively (Table 1). For both the materials, all the
examined variables contributed to the construction of PC1 (Table 1), and thus they were

consistently responsible for the observed differences in leachate quality among treatments.
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313 Tablel

314  Results of principal component analysis performed on chemical/physical data
315  of leachates from high-density polyethylene and Mater-bi® bags. Explained (a)
316  and cumulative (b) variance, eigenvalues and eigenvectors of leachates

317  variables are reported.

318

319  Principal components

320 1 2 3 1 2 3
321

322 High-density polyethylene Mater-bi®

323

324  a) Variance explained

325

326  Eigenvalues 2.720 0.213 0.065 2.140 0.768  0.087
327 % of variance 90.7 7.1 2.2 715 25.6 2.9
328

329  b) Cumulative variance % 90.7 97.8 100 715 97.1 100
330

331  Eigenvectors

332 pH -0.579 0544  0.607 0.425 0.891 -0.158
333  Salinity -0.591  0.233 -0.773 -0.622 0.414 0.664
334 TDS -0.562 -0.806  0.187 -0.658  0.184 -0.730
335

336

337  Results of multivariate PERMANOVA analyses revealed a significant effect of all investigated
338  factors (plastic type, exposure and pollution degree), as well as of their interaction, on the quality
339  of leachate (Table 2). A consistent effect of the interaction among all factors was also detected by
340  separate univariate PERMANOVAs for all examined variables (Table 2).

341
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Table 2

Results of multivariate (a) and univariate (b) PERMANOVA analysis on pH, total dissolved solids

(TDS) and salinity of leachates. Significant results are in bold, and pair-wise comparisons are

reported. NE: not-exposed bag, E: exposed bag, H: high pollution, M: medium pollution, L: low

pollution, C: control, no pollution, HDPE: high-density polyethylene bag, MB: Mater-bi® bag.

a) Multivariate PERMANOVA analysis

Source df Pseudo-F P
Plastic (PI) 1 223.11 <0.001
Exposure (E) 1 187.80 <0.001
Pollution (Po) 3 308.46 <0.001
PIXE 1 45.57 <0.001
Pl x Po 3 45.27 <0.001
E x Po 3 34.38 <0.001
PIX E x Po 3 26.02 <0.001
Residual 32
Transformation Log (x+1), normalized
b) Univariate PERMANOVA analysis
pH Salinity TDS

Source df Pseudo-F P Pseudo-F P Pseudo-F P
Plastic (PI) 1 6215.3 <0.001 3.33 0.075 2.97 0.09
Exposure (E) 1 1606.1 <0.001 112.13 <0.001 248.9 <0.001
Pollution (Po) 3 556.4 <0.001 136.09 <0.001 1343.6 <0.001
PIXE 1 997.85 <0.001 0.53 0.464 10.61 <0.001
Pl x Po 3 1218.2 <0.001 1.82 0.160 1.13 0.34
E x Po 3 214.42 <0.001 26.36 <0.001 36.91 <0.001
PIX E x Po 3 205.24 <0.001 13.96 <0.001 55.48 <0.001
Residual 32
Transformation Normalized Normalized Log (x+1), normalized
Pair-wise comparisons MB # C: NE, E HDPE #£C: E HDPE # C: NE, E

HDPE # C: E (H, M) MB # C: NE, E (H, M) MB # C: NE, E

MB # HDPE: E (H, M), NE
NE # E: HDPE (H, M), MB
MB (NE, E): H#M #L
HDPE (E): H, M #L

MB # HDPE: NE, E (H)
NE # E: HDPE (H, M), MB
HDPE (E): H#M # L

MB # HDPE: NE (H), E
NE # E: HDPE (H, M); MB
HDPE:H#M #L
MB:H#M#L
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The pH of MB leachates was significantly lower that of control (pH 7.29 -7.31), regardless of
exposure and pollution degree, while that of HDPE leachates was slightly higher than that of
control but only with exposed bags and at medium and high pollution degree (Fig. 2). For MB
leachates, the pH decreased with increasing pollution degree regardless of exposure, while that of
HDPE leachates increased with increasing pollution but only with exposed bags (Fig. 2; Table 2).
The pH of MB leachates was lower than that of HDPE irrespectively of pollution for virgin bags,
and only at high and medium pollution degree for exposed bags. Leachates from virgin bags had
significantly lower pH values than those from exposed bags, except that with HDPE bags at the
low pollution degree (Fig. 2; Table 2). These findings are in accordance with results of a study by
Bejgarn et al. (2015) on the leachate produced from plastic bags, showing an increase of pH in
leachates from HDPE bags and a decrease of pH with compostable/biodegradable bags. However,
Bejgarn et al. (2015) found a lower pH in the leachates obtained from compostable bags
previously exposed to artificial weathering (exposure to UV radiation) than that measured in
virgin bag leachates, and thus the opposite of that observed in the present study with MB bags.
This discrepancy could be due to the different composition of the employed biodegradable bags.
In addition, in our study exposed bags were subjected to real natural conditions for 10 days, and
during this period abiotic factors (solar UV-radiation, rain and temperature) and microorganisms
(Andrady, 2015) might have promoted plastic decomposition, causing the release of acid cations

from plastics.
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Fig. 2. Values of pH (a), salinity (b) and total dissolved solids (c) of leachates from different

concentrations of not-exposed (NE) and exposed (E) HDPE and MB plastic bags. Data are mean +

SE,n=3.

1.5- column fitting image

The salinity of HDPE leachates was significantly higher compared to that of control treatments
but only with exposed bags, while that of MB leachates was higher than controls with virgin bags
regardless of pollution degree, and only at high and medium pollution levels with exposed HDPE
bags. For both types of bag, salinity increased with increasing pollution, and HDPE leachate
salinity was higher than that of MB regardless of exposure at the high pollution degree. Leachates
from exposed bags had significantly higher salinity than those from virgin ones irrespectively of
pollution for MB bags, and at high and medium pollution degrees for HDPE bags (Fig. 2; Table
2). This finding suggests that MB bags contained or might have released more salts in water than
HDPE ones, and that both bag types might have adsorbed salts deposited with salt spray from the

adjacent coastal habitat during the exposure period.
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The values of TDS in plastic leachates were significantly higher than controls and increased
with increasing pollution degree irrespectively of exposure. The amount of TDS of MB leachates
was significantly higher than that of HDPE ones at the highest pollution degree for virgin material,
while was lower at the medium and high pollution degree for exposed materials (Fig. 2; Table 2).
Significantly higher TDS amounts were found in leachates from exposed than virgin bags, except
that for HDPE at low pollution level, indicating that weathering might have increased plastic
embrittlement, and that MB bags were more prone to fragmentation than HDPE ones due to their
greater susceptibility towards biodegradation.

Identifying potential toxic compounds in plastic bags is difficult, since their additive content
can vary widely, even for the same type of item, depending on the manufacturer and the process of
production (Groh et al., 2018; Hahladakis et al., 2018). In most previous studies, the chemical
screening of plastic leachates has failed to identify chemical structures (Lithner et al., 2012;
Bejgarn et al., 2015; Li et al., 2016). Here, in total twelve compounds have been identified in
virgin plastic bag leachates. Mass spectra interpreted by NIST library were well matched and a
qualitative analysis of the extracts has been performed. The largely prevailing compound in the
chromatogram of HDPE chloroform extract (Fig. 3) was identified as BPA, an antioxidant, flame
retardant commonly added to plastics. On the other hand, the extraction of HDPE leachate with n-
hexane allowed to reveal the presence of seven different organic compounds with a long alkyl
chain, soluble in this alkane (Fig. 3). Linear long-chain alkanes and alkenes resulted the prevailing
components. These products can derive from the addition of a wax, by-product of polyethylene
manufacture, which gives to the polymer more pronounced plasticization (AlMaadeed et al.,

2015).
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Fig. 3. Chromatograms of the chloroform extract (a) and of the hexane extract (b) from HDPE

virgin bag leachate, and organic molecules present in the chromatogram of n-hexane extract (c).

Chromatogram of the methyl isobutylketone extract (d) from the MB virgin bag leachate.

1.5- column fitting image
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493  Dodecanoic and oleic acids have been also ascertained, probably deriving from ester plasticizers
494 used as co-processing additives for the polyolefin (Mantese Sander et al., 2012). In fact, also di-
495  (2-ethylhexyl)adipate, also known as DEHA, a largely used plasticizer, was identified. Instead,
496  the four organic compounds extracted from MB bag leachate with MIBK were identified as traces
497  of butanel,4-diol, 2-ethylbutyl hexanoate, 1,6-dioxacyclododecane-7,12-dione and traces of

498  butanoic acid anhydride (Fig. 3). The first compound, in very low amount is the co-monomer of
499  adipic acid in the polyester poly(butylene adipate), employed with corn starch for the preparation
500  of Mater-bi®. The second compound is a hydrolytically stable ester used as volatile plasticizer or
501 coalescing agent for coatings (Patent EP0026982A1, 1979). The third and largely prevailing

502  compound could be a non-intentionally added substance or it could derive from decomposition of
503 the initial components, or because of chemical interactions between them (Watanabe et al., 2007).
504 It has been indeed found as new formed molecule from the reaction between butane 1,4-diol and
505  adipic acid, the monomers of the polyester poly(butylene adipate) present in Mater-bi® (Canellas
506 etal., 2015). Thus, the significant presence of 1,6-dioxacyclododecane-7,12-dione, as well of low
507 amounts of free butane 1,4-diol, can suggest the depolymerization of the polyester with release of
508 the free monomers, that could be probably responsible for the observed higher acidity and salinity
509 of MB leachates (Rychter et al., 2010). Finally, traces of butanoic acid anhydride can be a residue
510  of the starch esterification reaction. Butyrated corn starch is often present in Mater-bi® because
511  this modified starch is able to increase the hydrophobicity and the flexibility of the biopolymer
512 (Rahimetal., 2012).

513

514 3.2 Lepidium sativum seed germination test

515

516 After three days of incubation, total percent of germination of L. sativum seeds treated with
517  plastic leachates was similar to that of the controls (Fig. 4). However, a significant number of

518 germinated seeds treated with plastic leachates produced deformed seedlings (Fig. 5) and inhibitory
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growth effects were detected in many normal seedlings. MDS plots performed on all plant

variables showed a segregation between samples belonging to plastic treatments and controls, more

evident with MB bag samples than with HDPE ones (Fig. 6). Results of multivariate
PERMANOVA revealed a significant effect of the interaction among plastic type, exposure and
pollution, and this effect was effectively ascribable to the investigated factors and not to
heterogeneity in multivariate dispersion (Table 3). Results of univariate PERMANOVA for all

examined plant variables are reported in Table 4.

Table 3

Results of multivariate PERMANOVA analysis
performed on L. sativum variables (percentage of
germination, percentage of abnormal seedlings,
hypocotyl length, radicle length and radicle to
hypocotyl ratio). The transformation applied to data

is also reported. Significant results are in bold.

Source df  Pseudo-F P
Plastic (PI) 1 4.43 0.003
Exposure (E) 1 3.44 0.015
Pollution (Po) 3 22.33 <0.001
Pol x E 1 6.25 <0.001
Pl x Po 3 1.79 0.063
E x Po 3 1.94 0.044
Pl x E x Po 3 4.07 <0.001
Residual 64

Transformation

Log (x+1), normalized
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Table 4

Results of univariate PERMANOVA analysis performed on L. sativum variables (percentage of

germination, percentage of abnormal seedlings, radicle length, hypocotyl length and radicle to

hypocotyl ratio). Significant results are in bold. Transformation applied to data and pair-wise

comparisons are reported. NE: not-exposed bag, E: exposed bag, H: high pollution, M: medium

pollution, L: low pollution, C: control or no pollution, HDPE: high-density polyethylene bag, MB:

Mater-bi® bag.

Germination (%)

Abnormalities (%)

Source d.f. Pseudo-F P Pseudo-F P
Plastic (PI) 1 0.13 0.713 13.99 <0.001
Exposure (E) 1 0.54 0.461 8.44 0.004
Pollution (Po) 3 1.08 0.359 30.98 <0.001
PIXE 1 0.14 0.724 0.53 0.465
Pl x Po 3 0.86 0.471 1.93 0.125
E x Po 3 1.99 0.122 1.14 0.342
PIX E x Po 3 0.86 0.466 1.19 0.322
Residual 64

Transformation None Fourth root

Pair-wise comparisons

MB HDPE# C;NE#E

Radicle length Hypocotyl length Radicle to
(cm) (cm) hypocotyl ratio

Source d.f. Pseudo-F P Pseudo-F P Pseudo-F P
Plastic (PI) 1 10.83 0.001 16.85 <0.001 4.37E-2 0.830
Exposure (E) 1 0.80 0.374 12.32 <0.001 4.83 0.032
Pollution (Po) 3 96.15 <0.001 138.4 <0.001 1.58 0.201
PIXE 1 2.26 0.130 7.30 0.009 22.84 <0.001
Pl x Po 3 6.19 <0.001 8.43 <0.001 0.23 0.870
E x Po 3 3.99 0.013 5.82 0.001 0.92 0.444
PIX E x Po 3 2.23 0.092 10.43 <0.001 9.85 <0.001
Residual 64
Transformation Log (x+1) Square root None
Pair-wise comparisons MB, HDPE = C HDPE = C:NE,E (M,L) HDPE #C: E (H)

MB = HDPE: H MB = C MB = HDPE: NE, E (H)

HDPE, MB: H= M, L

MB # HDPE: E (H)
NE # E: HDPE (H)
MB (NE): M # L

NE = E: HDPE, MB (H)
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There was no consistent effect of plastic leachate on percent seed germination, probably because the

germination stage is independent from substrate and the radicle does still not contribute to pollutant-

uptake (Milberg and Lamont, 1997).
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Fig. 4. Percentages of seed germination (a) and abnormal seedlings (b), radicle length (c), hypocotyl

length (d), and radicle to hypocotyl ratio (e) of L. sativum seedlings treated with different
concentrations of leachates from not-exposed (NE) and exposed (E) HDPE and MB plastic bags.
Data are mean £ SE, n = 5.

1.5-column fitting image
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Fig. 5. Lepidium sativum seedlings. A normal seedling (a), and abnormal seedlings grown with bag
leachates showing deformed cotyledons (b), a twisted hypocotyl (c), missing radicle (d) and
deformity of the whole seedling (e).

1.5-column fitting image

Color image in online version and black-and-white image in printed version
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Fig. 6. Non-metric multidimensional scaling ordination of L. sativum seed germination and seedling

growth data recorded with different pollution degrees of leachates from not-exposed (NE) and

exposed (E) HDPE (a) and MB (b) bags.

2-column fitting image

However, up to 40% of the seeds germinated in the presence of plastic leachates showed

developmental abnormalities, such as a short or stubby radicle, twisted hypocotyl and malformed

and/or supernumerary cotyledons (Fig. 5; Table 5), indicating leachate phytotoxic effects (ISTA,

2003; Chandler, 2008; De Barro, 2008).

24



667

668

669

670

671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

698

699

700

701

702

703

704

705

Table 5
Number of normal and abnormal L. sativum seedlings observed after incubation of seeds
with leachates obtained from not-exposed and exposed high-density polyethylene bags (a)

and Mater-bi® bags (b) at the different pollution degrees, low, medium and high.

Total number of seeds  Total number of abnormal seedlings

Short/ Twisted Malformed
stubby  hypocotyl supernumerary/

radicle cotyledon

a) High-density polyethylene

Not-exposed High pollution 60 5 2 1
Medium pollution 60 5 2 4
Low pollution 60 3 2 3

Exposed High pollution 60 3 1 0
Medium pollution 60 0 1 0
Low pollution 60 3 1 1

b) Mater-bi®

Not-exposed High pollution 60 18 3 2
Medium pollution 60 9 4 4
Low pollution 60 8 3 2

Exposed High pollution 60 4 0 1
Medium pollution 60 4 2 2
Low pollution 60 5 3 5

Indeed, similar abnormalities have been observed in crops species and are considered as
characteristics of seedlings exposed to toxic chemicals (Mitchell et al., 1988; De Barro, 2008).
Overall, a higher number of abnormal seedlings, as well as of normal seedlings with reduced
growth, was detected with leachates from not-exposed bags compared to exposed ones (Fig. 4;
Table 4). These findings demonstrate that the chemicals responsible for such detrimental effects
were present in virgin material, and were not absorbed by bags from the environment. They also

indicate that a fraction of these chemicals was migrated into the environment during the exposure
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period. Available data on the effects of additives used in the manufacturing of traditional bags on
plants indicate that BPA can have a clastogenic activity and induce morphological alterations of
roots and shoots through the inhibition of both cell elongation and cell division, as well as alteration
of gene expression and hormone function (Ferrara et al., 2006; Chandler, 2008; Weizbauer et al.,
2011; Gupta et al., 2012). Instead, DEHA was ascertained as toxic at high concentration to some
aquatic organisms (Lambert et al., 2010). Therefore, the developmental abnormalities observed in
the present study in seedlings grown with HDPE bag leachates could be mainly related to the
interference of BPA released from bags with plant hormonal metabolism and signaling. However,
also the other identified compounds with phytotoxicity effects, such as for example oleic acid
(Jyothi et al., 2014), might have contributed. Instead, the abnormalities detected in seedlings treated
with MB leachates could mainly be attributed to the presence of 1,6-dioxacyclododecane-7,12-
dione. Its presence, as well as that of traces of butane 1,4-diol, suggests a certain extent of
depolymerization of the polyester poly(butylene adipate) with the release of butane 1,4-diol and
adipic acid. This latter monomer is known to be toxic to aquatic organisms, including algae
(Kennedy, 2002). Clearly, further studies are needed to confirm our hypotheses about the effects of
these compounds on higher plants.

As concerning early seedling growth, the radicle of seedlings treated with leachates was
significantly shorter than that of control groups, regardless of bag type, exposure and pollution
degree (Fig. 4; Table 4). At the highest pollution level, the radicle of seedlings treated with MB
leachates was reduced compared to that of seedlings grown with HDPE leachates, regardless of
exposure condition (Fig. 4; Table 4). Also, the hypocotyl of seedlings treated with plastic leachates
was shorter than that of controls, except that of those exposed to HDPE bags at the highest pollution
degree. Leachates from exposed MB bags were more effective in reducing hypocotyl elongation
than those from HDPE bags, even if only at the highest pollution degree (Fig. 4; Table 4). Here,
seedlings treated with virgin MB bag leachates showed lower radicle to hypocotyl ratio than those

grown with HDPE at the high pollution degree, while the reverse occurred in seedlings treated with
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leachates from exposed materials (Fig. 4; Table 4). This could be due to differential effects of the
two type of bags on biomass allocation to belowground and aboveground organs (Poorter, 2011).
With HDPE leachates, significantly lower radicle to hypocotyl ratios were detected with exposed
materials compared to virgin ones, suggesting that the chemicals migrated from bags to the
environment before the leaching experiment could have greater growth inhibitory effect on the
hypocotyl than on the radicle (Fig. 4; Table 4). Instead, with MB leachates higher radicle to
hypocotyl ratios were observed with exposed materials compared to virgin ones, thus the
compounds released in the environment could have larger adverse effects on radicle growth (Fig. 4;
Table 4).

Previous studies have shown that the growth of L. sativum seedlings is not influenced by
variations of substrate pH between 4.4 and 8.8, while the presence of relatively high salt
concentrations (about NaCl 50 mM) can inhibit the growth of the radicle and the plumule (El-Darier
and Youssef, 2000; Bonanomi et al., 2006). In our study, the pH of leachates was lower than 4.4
only for MB virgin bags at the highest pollution level, and the highest values of salinity measured in
leachates (about 2 mM) was lower than that reported to affect L. sativum. Therefore, the inhibitory
effects on radicle growth observed with MB bag leachates could be explained by both water
acidification and presence of released compounds. Instead, the suppression of hypocotyl growth
observed with HDPE leachates could be mainly related to the presence of BPA. Overall, the results
of this study show that leachates of traditional and compostable bags are toxic to the test species L.
sativum, and provide new experimental evidence that leaching can occur in natural habitats causing

contamination of soils and water available to plants.

4. Conclusions

The substitution of conventional plastic bags with biodegradable ones is a widely accepted

strategy to reduce the environmental impact of plastic litter. Results of the present study
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demonstrate, however, that both types of bags can release processing compounds when incorrectly
discarded in natural terrestrial environments due to precipitations, and hence can contaminate soils
and waters. The Lepidium sativum seed germination test reveals that bag leachates can adversely
affect seedling growth, and they could be thus potentially toxic to other higher plants. These
findings are of particular ecological and managerial relevance. They indicate that international
standards currently used to certify the compostability of bags, although more stringent than those
developed for testing their biodegradability, cannot exclude the occurrence of adverse
environmental effects of bags when abandoned on natural habitats. This is because in composting
facilities phytotoxic water-soluble compounds, intentionally or non-intentionally added to plastics,
can be gradually eliminated from litter as the degradation proceeds. Instead, in natural
environments, these chemicals can quickly migrate out of plastic and be absorbed by roots affecting
plant development. Thus, people and managers need to be adequately informed about the potential
environmental impact of an incorrect disposal of bags.

The presence of additives used to manufacture plastic items, such as for example BPA, in natural
environments is of great concern, due to their notorious adverse effects on human health and on
marine and terrestrial organisms (Vandenberg et al., 2007; Talsness et al., 2009; Bejgarn et al.,
2015). Many efforts have recently been made to develop eco-friendly, biodegradable substances
(including bio-based compounds) as alternative to traditional additives. Our results suggest that in
screening new plastic bag additives, special attention should be also paid in the future to their
eventual transformation during the manufacturing process in products toxic to animals and plants.
In this context, simple, rapid standard phytotoxicity tests performed on bag leachates, based on
higher plants such as the Lepidium sativum seed germination and radicle elongation assay, could be

useful tools.
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