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Marine plastic pollution is a well-recognized, global problem. Research addressing
plastic pollution has largely focused on investigating impacts on macroorganisms, with
few studies investigating effects on marine microbes. We previously showed that marine
Prochlorococcus, which are important contributors to oceanic primary production, suffer
declines in growth and photosynthetic activity following exposure to leachates from new
plastic bags (HDPE) and plastic matting (PVC). However, as such plastics reside in the
environment they will be subject to weathering processes, so it is also important to
consider how these may alter the composition and amounts of substances available
to leach. Here we report on how plastic leachate toxicity is affected by environmental
weathering (17- and 112-days in estuarine water) of these common plastic materials. We
found that while toxicity was reduced by weathering, materials weathered for up to 112-
days continued to leach substances that negatively affected Prochlorococcus growth,
photophysiology and membrane integrity. Weathered plastics were found to continue
to leach zinc, even after up to 112-days in the environment. The two Prochlorococcus
strains tested, NATL2A and MIT9312, showed differences in the sensitivity and timing
of their responses, indicating that exposure to leachate from weathered plastics may
affect even closely related strains to different degrees. As many marine regions inhabited
by Prochlorococcus are likely to be subject to continued accumulation of plastic
pollution, our findings highlight the potential for ongoing impacts on these important
primary producers.

Keywords: weathering, plastic leachate, marine cyanobacteria, stress response, effective quantum yield of PSII,
zinc

INTRODUCTION

Plastics now play an important role in human society (Andrady and Neal, 2009) due to their
relatively low cost and strong, durable, lightweight nature (Thompson et al., 2009b). Consequently,
annual plastic consumption is increasing rapidly, with∼350 million tones plastic produced globally
in 2017, with 35% more plastic produced from 2007 to 2017 than ever before (Plastics Europe,
2018). Physical hazards to biota associated with marine plastic ingestion and entanglement have
been reported across marine and estuarine environments worldwide (Derraik, 2002; Gregory,
2009; Wright et al., 2013; Gall and Thompson, 2015). Marine plastic debris has also been shown

Frontiers in Marine Science | www.frontiersin.org 1 September 2020 | Volume 7 | Article 571929

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.571929
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2020.571929
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.571929&domain=pdf&date_stamp=2020-09-17
https://www.frontiersin.org/articles/10.3389/fmars.2020.571929/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-571929 September 15, 2020 Time: 19:13 # 2

Sarker et al. Toxicity of Weathered Plastic Leachates

to leach a “cocktail of chemicals” (Rochman, 2015). However,
the impact of leached chemicals and trace elements from plastics
on biota has been less rigorously studied compared to physical
hazards (Hermabessiere et al., 2017). Plastic leachates can include
substances added during manufacturing (Browne et al., 2007;
Thompson et al., 2009a) and other compounds accumulated
from the surrounding marine environments (Mato et al., 2001;
Teuten et al., 2009). Additives used in plastic manufacture
include polymerization solvents, plasticizers, metals, dyes, flame-
retardants, UV stabilizers and antioxidants (Hahladakis et al.,
2018). Some of these additives are thought to have the potential to
enter the marine food web and adversely affect marine ecosystems
(Avio et al., 2017).

Potential impacts of plastic leachate and additive compounds,
singularly and as mixtures, have now been investigated for
a variety of multicellular eukaryotic organisms. The chemical
mixture leached from a range of different plastic items has
been shown to have adverse effects on copepods Daphnia
magna (Lithner et al., 2012b) and Nitocra spinipes (Bejgarn
et al., 2015), barnacle Amphibalanus amphitrite larvae (Li et al.,
2016), mussel Perna perna embryos (Gandara et al., 2016), sea
urchin Paracentrotus lividus embryos (Oliviero et al., 2019),
and microalgae Chlorella vulgaris (Luo et al., 2019). While
less is known regarding leachate toxicity in prokaryotes, recent
work has shown that a key photosynthetic marine bacteria,
Prochlorococcus, is also adversely affected by exposure to leachates
from new PVC and HDPE plastic items (Tetu et al., 2019). These
studies together show many types of plastics have the potential
to act as chemical toxicants but this area of research has mainly
relied on leachate from new plastics and further work is required
to ascertain how environmental weathering affects toxicity.

Plastics may take hundreds to thousands of years to degrade
in the environment (Barnes et al., 2009), and degradation is
thought to encourage leaching of toxic substances (Lithner
et al., 2009) and transport of organic contaminants (León et al.,
2018). Plastic debris released into the environment also has
the potential to accumulate additional toxicants, with metals
such as cadmium being found to adsorb to plastics in marine
waters (Boucher et al., 2016). Organic pollutants, such as DDT,
PCBs, and PAHs, have been observed on plastics collected
from marine environments as well, implying adsorption of
these compounds onto plastics (Rios et al., 2007). However, the
conditions under which plastic additives or adsorbed toxicants
may leach from plastics, and how this varies for different polymer
types and weathering environments has only recently begun to
be investigated. Laboratory experiments using artificial sunlight
(UV irradiation) to look at how simulated weathering affects
leachate toxicity found that effects varied for different plastic
types, with some plastic products becoming more toxic, others
less toxic, and some not changing significantly in their toxicity
following UV irradiation (Bejgarn et al., 2015). A recent report
from another laboratory experiment also showed temperature
and mechanical stress can affect the toxicological impact of
tire leachates to minnow embryos, with affects varying between
different tire brands (Kolomijeca et al., 2020). Plastic aging
experiments performed in marine waters showed that weathering
processes involves both adsorption and desorption of different

organic and inorganic substances and also found that different
changes occur with different plastic items and polymer types
(Kedzierski et al., 2018). These findings indicate that multiple
issues would benefit from further exploration, including how
specific physical conditions during weathering affect leachate
toxicity through to how different plastic types are affected by
weathering in terms of leachate toxicity, the latter being a
focus of this work.

The marine photosynthetic microorganism, Prochlorococcus,
is highly abundant in the world’s oceans (Partensky et al., 1999a)
and significantly contributes to global primary production,
estimated to be 4 Gt C y−1 in some oligotrophic ocean
regions (Flombaum et al., 2013). Prochlorococcus populations,
composed of multiple, coexisting phylotypes, many of which are
known to have distinct ecophysiological underpinnings, can be
characterized as falling into two broad groupings distinguished
by their photophysiology: high-light (HL) and low-light (LL)
adapted ecotypes (Biller et al., 2015). Their ecological importance
and population diversity make them an important organism
to investigate regarding the impact of environmental stressors.
Past work has shown Prochlorococcus to be negatively impacted
by different organic pollutants (Fernández-Pinos et al., 2017),
UV radiation (Llabrés and Agustí, 2006), exposure to high
concentrations of copper (Mann et al., 2002), and exposure
to leachate from unweathered HDPE and PVC plastic items
(Tetu et al., 2019). Here we have investigated the response
of two representative isolates of Prochlorococcus, LLI strain
NATL2A and HLII strain MIT9312, to leachates from HDPE
and PVC plastic that was weathered for 17- and 112-days in
estuarine waters, as a first step in determining how environmental
weathering affects leachate toxicity.

MATERIALS AND METHODS

Cell Culturing and Growth Monitoring
The two Prochlorococcus strains used in this experiment represent
different ecotypes; NATL2A is a LL clade I (LLI) strain generally
found in deeper euphotic zone layers of the ocean water column,
while MIT9312 is a ubiquitous strain tolerant to higher light levels
(Biller et al., 2015) falling within the HL clade I. Prochlorococcus
NATL2A and MIT9312 cell cultures were grown in AMP1 media
(Moore et al., 2007) with LED cool white irradiance of 20
and 40 µmol photons m−2 s−1, respectively. All cultures were
maintained at 22◦C and 100 rpm shaking and experimental
glassware was acid-washed as previously described (Tetu et al.,
2019). Prior to each experiment all cultures were acclimated
under experimental light and temperature conditions for at least
three transfers to ensure balanced growth.

Plastic Weathering and Leachate
Preparation
The plastic materials used in this study were gray plastic
grocery bags (HDPE) and textured black matting (PVC), as used
previously in Tetu et al. (2019). Both plastics were weathered
during the Austral autumn-winter in tidal estuarine water of
the Lane Cove river (GPS coordinates: 33◦ 49′37.2′′S, 151◦
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09′14.4′′E). In preparation for weathering, plastics were cut into
∼30 × 40 cm pieces (∼40–50 individual pieces for HDPE bags
and ∼8–10 pieces for the PVC matting), then all pieces of each
type of plastic were tied together at one corner using a nylon line.
Material was placed into the environment on 8 April 2018 during
low tide, with both plastic types secured to a single weight with
sufficient line for both buoyant plastics to float ∼20 cm above
their anchor point but at a depth sufficient for all plastic material
to remain submerged at low tide. On 25 April roughly half of each
type of plastic was cut from the anchor line and taken back to the
laboratory (referred to as 17-days weathered plastic), while the
remaining plastic was left, until 29 July, 2018 when all remaining
material was collected (referred to as 112-days weathered plastic).

During the 17-days weathering period temperature and
salinity (measured as conductivity) of the estuarine water
were 23.4–25.1◦C and 50,000–50,400 µS cm−1, respectively
(Beachwatch report for Tambourine Bay, Office of Environment
and Heritage, NSW)1, and the UV index ranged from 4.1 to
6.72. The 112-days weathered plastics experienced these same
conditions for first 17 days, then experienced an additional
weathering period that had a lower and wider range of
temperature and UV index (13.6–21◦C and 0.9–5.1, respectively)
and a more variable range of salinity, 49,600–53,300 µS cm−1.
No major storm or wind events were reported by the Australian
Bureau of Meteorology during either period (BOM.gov.au).

At each collection time, material was transported immediately
to the laboratory where each piece was washed thoroughly with
sterile MQ water to remove any mud or debris until there was no
visible fouling. The cleaned, weathered material was then used
to generate leachates following the methodology applied in Tetu
et al. (2019). Briefly, multiple large pieces of weathered, washed
plastic were cut with ethanol-sterilized scissors into ∼1 cm2

pieces, weighed, placed into sterile artificial seawater base for
AMP1 (5 g per100 mL), then left for 5 days at 22◦C and 100 rpm
to allow leaching to occur. Following this leaching period, the
contents of each flask were filtered through a 0.2 micron filter
in order to obtain a sterile, particle-free leachate stock. Leachates
were also prepared from unweathered HDPE and PVC materials
using the same methodology. To each volume of filtered leachate
stock, the standard AMP1 macronutrients, trace metals and
HEPES buffer were aseptically added prior to use in culturing.
Leachate stocks were diluted with vol/vol dilutions in AMP1 to
make the experimental media. For weathered HDPE, leachate
dilutions of 6.25 to 50% were tested, representing 3.125–25 mg
mL−1 (or equivalent to ∼0.18–1.45 pieces per mL of media).
For weathered PVC leachate dilutions of 1 to 50% in AMP1
were used, representing 0.5–25 mg mL−1 (or ∼0.002–0.1 pieces
per mL of media).

Experimental Setup
Four independent cultures of each strain were set up from
acclimated culture stocks and allowed to grow to mid-exponential
phase before use as inocula for the replicates in each plastic
experiment. Each experiment comprised of replicate control

1www.environment.nsw.gov.au
2www.arpansa.gov.au

cultures in AMP1 (no leachate) and experimental treatments
containing leachate from weathered and unweathered plastics
at a range of dilutions. For weathered HDPE dilutions of
6.25, 12.5, 25, and 50% were tested, while unweathered HDPE
dilutions of 12.5 and 25% were tested. For weathered PVC,
dilutions of 1, 2, 10, and 50% were tested as well as 1 and 2%
unweathered PVC. At initiation of the experiment (0 hr) the four
independent parent cultures were measured to determine the
number of chlorophyll fluorescent cells per mL, cell integrity, and
photophysiology parameters (see below) then used to inoculate
each of the control and leachate dilution treatments. All control
and treatment cultures were then subsampled at 3, 24, and 48 h
for all parameters as described below.

Flow Cytometry
The concentration and relative chlorophyll fluorescence of
Prochlorococcus experimental cultures was quantified using a
CytoFLEX S flow cytometer and data analyzed with CytExpert
software (Beckman Coulter) as previously described (Tetu
et al., 2019). Prochlorococcus cells were identified by chlorophyll
fluorescence using blue laser (488 nm) excitation and violet
side angle light scattering properties using violet laser (405 nm)
excitation. Samples were gated so that only cells with chlorophyll
fluorescence intensities indicative of healthy cells were counted.
At each time point, subsamples were collected from each flask
and analyzed immediately with the Cytoflex flow cytometer for all
AMP1 control and weathered leachate treatments, while samples
from unweathered leachate treatments were collected, fixed with
paraformaldehyde (final concentration of 1%), stored at −80◦C
and run as a batch after conclusion of the experiment.

SYTOX Assay of Membrane Integrity
The membrane integrity of Prochlorococcus cells was measured
on fresh samples within 1 h of collection using “live/dead”
SYTOX Green stain (Invitrogen # S7020) and flow cytometry,
based on the method of Mikula et al. (2012) with slight
modifications optimized for our cells. Briefly, SYTOX stain
was applied at a final concentration of 0.2 µM and cells were
incubated for 15 min in the dark before measurement on a
CytoFLEX S flow cytometer. Healthy Prochlorococcus cultures
grown in AMP1 media were treated with 1% paraformaldehyde
and stained with SYTOX as above as a dead control, used to
determine the green fluorescence level (emission at 525/40 nm)
of SYTOX positive stained cells. SYTOX-positive cells, i.e., those
with damaged or compromised membranes, were identified by
high green fluorescence and the proportion of SYTOX stained
cells within the total chlorophyll fluorescence population was
calculated for each treatment.

Functional Chlorophyll a Fluorescence
Measurement
The effective quantum yield of photosystem II was measured
using a Phyto Pulse Amplitude Modified (PAM) Fluorometer
(Walz Heinz GmbH, Effeltrich, Germany) and the saturation
pulse technique as described previously (Tetu et al., 2019). Briefly,
light adapted fluorescence yield (F) was determined under growth
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light conditions for each strain and a saturation pulse was applied
to determine maximum light adapted fluorescence yield (Fm′)
to calculate the effective quantum yield of photosystem II, 8PSII
(8PSII = [Fm′−F]/Fm′). Three technical replicates were run for
each individual biological replicate, and an average of these for
each biological replicate was used to calculate the average and
standard deviation presented for each time point.

Elemental Analysis of Leachates
Experimental leachate and AMP1 media were subsampled
into acid washed glass vials at the start of each experiment,
acidified with 3.5% nitric acid and sent for Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) and Inductively Coupled
Plasma-Optical Emission Spectrometry ICP-OES analysis at the
Mark Wainwright Analytical Centre, University of New South
Wales, Sydney, NSW, Australia. ICP-MS and OES analyses were
conducted on NexION 300D and Optima 7300DV instruments
(Perkin Elmer, United States) with three technical replicates run
for each sample. For ICP-MS internal standards, Rh, Ir, and Te
(Choice Analytical, Australia) were used and analyses performed
with a plasma gas flow rate of 15–17 L min−1, auxiliary gas
flow rate of 1–2 L min−1, nebulizer gas flow rate of 0.85–1.2 L
min−1, and radio frequency power of 1500 W. The data were
analyzed using Syngistix for ICP-MS software (Perkin Elmer,
United States). For ICP-OES analyses, the internal standard Y,
371.029, was used and analyses performed with the plasma gas
flow of 10–15 L min−1, auxiliary gas flow rate of 0.30 L min−1,
nebulizer gas flow of 0.70 L min−1, forward power of 1200–
1400 W and reflected power of 20 W. The data were analyzed
using Winlab32 software.

Statistical Analysis
The growth, photophysiology and SYTOX data were analyzed
using one-way ANOVA followed by Tukey’s multiple comparison
test with 95% confidence interval. Inter-strain comparisons of
SYTOX staining were performed using two-way ANOVA with
a Sidak’s multiple comparisons test for the length of weathering
and for the % leachate addition for each plastic. For all the
data treatments were compared to the control at the matching
timepoint and considered significant where p < 0.01. The change
in population over time (day−1) was calculated as growth rates
are calculated, by fitting linear regression models to the flow
cytometric population density measurements from 3 to 48 h.
All statistical tests were performed using GraphPad Prism 8 for
Windows (GraphPad Software, La Jolla, CA, United States).

RESULTS

Changes in Population Growth
To investigate how environmental weathering of plastics affected
leachate toxicity, PVC and HDPE plastics were weathered in
estuarine waters for 17- and 112-days, then placed in artificial
seawater to generate sterile-filtered, particle-free leachate stocks
which were added to Prochlorococcus MIT9312 and NATL2A
cultures at a range of dilutions. Unweathered HDPE and PVC
materials were tested in parallel, allowing direct comparison

of toxic effects from leachates derived from weathered and
unweathered products. Weathered HDPE and PVC leachates
reduced growth of Prochlorococcus at some concentrations
but resulted in less severe declines in growth rates than
for the equivalent unweathered leachate dilutions tested here
(Figures 1A–D). For both plastic types, exposure to the 112-
days weathered leachates resulted in more modest reductions
in growth rate than for the 17-days weathered leachates when
comparing equivalent dilutions, indicating that duration of
weathering affected leachate toxicity (Figure 1).

The two Prochlorococcus strains showed differences in their
growth rate responses to each of the weathered leachates, as seen
for unweathered leachates. In MIT9312 exposure to weathered
HDPE resulted in a significantly reduced (p < 0.01) growth
rate compared to zero leachate controls for the two highest
concentrations of 17-days weathered HDPE and the highest
concentration of 112-days weathered HDPE. For NATL2A,
growth rates were reduced to a lesser degree with only 50%
weathered HDPE leachate from the 17-days treatment resulting
in negative growth rates and showing a significant (p < 0.01)
reduction relative to the control (Figures 1A,B).

For weathered PVC, MIT9312 also showed a strong response,
with 10 and 50% treatments of 17-days weathered PVC resulting
in statistically significant (p < 0.01) growth rate reductions
relative to the control (Figure 1C). For this strain 112-days
weathered PVC exposure also strongly reduced growth rates
at the two highest concentrations (10 and 50%) (Figure 1C).
NATL2A showed reductions in growth rate following exposure
to the higher weathered PVC concentrations from both 17- and
112-days weathering (Figure 1D), but these were less severe
than seen for MIT9312, reflecting what was observed for the
unweathered PVC leachate.

Photophysiology
To determine if weathering altered the capacity for plastic
leachates to affect photochemical efficiency of photosystem
II (PSII) in Prochlorococcus, PSII quantum yield (8PSII) was
also measured following MIT9312 and NATL2A exposure to
the weathered and unweathered PVC and HDPE leachates.
Weathered leachate exposure affected 8PSII in a dose dependent
manner but was less pronounced than for equivalent treatments
with unweathered plastic leachates (HDPE shown in Figure 2,
PVC in Figure 3).

The two strains showed differences in their photophysiological
responses with respect to leachate dose sensitivity and timing. In
strain MIT9312 photophysiology was not noticeably impacted at
the 3 h time point by 17-days weathered HDPE leachate at any
of the tested concentrations (Figure 2A). Significant (p < 0.01)
declines in MIT9312 8PSII were not observed until 24 h of
exposure for 25 and 50% dilutions, and 48 h for 12.5%. In
contrast NATL2A showed significant (p < 0.01) reductions in
8PSII starting at 3 h of exposure to all tested dilutions of 17-
days weathered HDPE leachates. However, while the 17-days
weathered HDPE elicited an earlier photophysiological response
in NATL2A, this strain still retained measurable 8PSII after 48 h
exposure to the 50% dilution, whereas MIT9312 was completely
inhibited by this (Figures 2A,B).
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FIGURE 1 | Rate of population change (A–D) of Prochlorococcus MIT9312 and NATL2A in AMP1 media in the presence of different dilutions of leachates from
HDPE and PVC materials subjected to two weathering treatments (17- and 112-days in estuarine sea water). Experiments were conducted over 48 h using
biological replicates (n = 4; except unweathered treatment, n = 3) for each condition shown as mean values of all replicate cultures with error bars representing the
standard deviation. Asterisks (*) indicate that the rate was significantly (p < 0.01) different for a specific leachate concentration relative to the no leachate control (0%
leachate dilution). Symbols shown in panel (B) indicate the weathering treatment for all panels.

The longer weathering period of 112-days resulted in HDPE
leachates which affected Prochlorococcus photophysiology to
a lesser degree than leachates from 17-days of weathering,
consistent with what was observed for growth rates. For both
strains exposure to 112-days weathered HDPE only exhibited
strongly impaired 8PSII when the 50% dilution was applied. In
NATL2A short term 8PSII impairment was observed following
exposure to 112-days weathered HDPE of 12.5% at 3 h and
25% at 24 h, but by 72 h these treatments had recovered
and were similar to the control (Figure 2D). Measurement of
8PSII in MIT9312 remained unchanged for 112-days weathered
HDPE concentrations below 50% over the 48 h monitoring
period (Figure 2C).

Weathered PVC leachate exposure also resulted in differences
in the timing and degree of response between the two strains,
particularly for exposure to leachates from the 17-days weathered
material (Figure 3). Similar to what was observed for weathered
HDPE, 3 h of exposure to 17-days weathered PVC did not affect

8PSII in MIT9312 for most concentrations, with only the 50%
leachate sample significantly affected at this early time point
(Figure 3A). In NATL2A 3 h exposure to 17-days weathered
PVC leachate resulted in significant reductions in 8PSII across
all tested concentrations (Figure 3B). Again, as for HDPE, while
NATL2A 8PSII responded more quickly to leachate exposure at
all dilution levels, MIT9312 8PSII exhibited stronger declines by
24 h to the higher levels of weathered PVC leachate (10 and 50%)
compared to NATL2A, where 8PSII was still measurable for these
treatments (Figures 3A,B).

After the longer weathering of 112-days, PVC leachates were
still inhibitory to photosystem II in both strains when higher
leachate percentages were applied (Figures 3C,D). Exposure
to this longer weathered PVC leachate resulted in significant
(p < 0.01) reductions in 8PSII in MIT9312 when applied at 10%
and higher from 24 h onward (Figure 3C). In NATL2A the 112-
days weathered PVC leachate at 50% concentration also strongly
reduced 8PSII , at 24 h and after, while the 10% concentration
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FIGURE 2 | Effective quantum yield of photosystem II (8PSII ) for Prochlorococcus MIT9312 and NATL2A exposed to different dilutions of HDPE leachates (A,B,
weathered for 17-days; C,D, weathered for 112-days; E,F, unweathered) following different exposure times in hours. Experiments were conducted over 48 h using
biological replicates (n = 4 for all weathered control and leachate treatments; n = 3 for all unweathered control and leachate treatments). Symbols represent the value
for each replicate culture, the bar represents the mean ± standard deviations for the treatment at each time point. Asterisks (*) signify treatments for which
measurements were significantly (p < 0.01) different compared to the control at the same time-point.
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FIGURE 3 | Effective quantum yield of photosystem II (8PSII ) for Prochlorococcus MIT9312 and NATL2A exposed to different dilutions of PVC leachates (A,B,
weathered for 17-days; C,D, weathered for 112-days; E,F, unweathered) following different exposure times. Experiments were conducted over 48 h using biological
replicates (n = 4 for all weathered control and leachate treatments; n = 3 for all unweathered control and leachate treatments). Symbols represent the value for each
replication, the bar represents the mean ± standard deviations for the treatment at each time point. Asterisks (*) signify treatments for which measurements were
significantly (p < 0.01) different comparing to the control at the examined time-point.
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resulted in strong reductions only at 48 h (Figure 3D). Exposure
to lower concentrations of 112-days weathered PVC did not
strongly affect 8PSII , with values remaining similar or slightly
higher than controls (Figures 3C,D).

Cell Membrane Integrity
For both Prochlorococcus strains, cell populations were examined
using the “live/dead” SYTOX Green stain at 3, 24, and 48 h
to determine whether leachate exposure resulted in membrane
damage. The strains of Prochlorococcus showed differences in
the proportion of the population showing membrane damage
and in the timing at which this damage occurred following
weathered leachate exposure. In strain MIT9312 noticeably
higher proportions of the population showed cell membrane
damage than for NATL2A when comparing most weathered
and unweathered HDPE and PVC leachate treatments by 48 h
(Figure 4 and Supplementary Table S1).

Exposure to leachate from weathered HDPE plastic items
resulted in a significant (p < 0.01) increase in the proportion
of MIT9312 cells showing membrane damage compared to the
no leachate control, with 17-days weathering effects observed
as early as 3 h for 12.5% HDPE and higher. Additionally,
the proportion of cells showing damage continued to increase
over time (Figures 4A–C). By 48 h up to 70% of the
MIT9312 population was membrane compromised for the 17-
days weathered 50% HDPE treatment. The longer weathered
(112-days) HDPE leachate also resulted in a significant increase
in membrane compromised cells in MIT9312 for the 50%
treatment at 24 h as well as both 25 and 50% at 48 h.
Unweathered HDPE leachate had a similar or higher impact
on membrane damage to the 17-days weathered leachates in
MIT9312 (Figures 4A–C).

In NATL2A no significant changes in membrane integrity
were observed at the early time point (3H) for any of the
weathered HDPE leachate treatments (Figure 4D). For this strain
small but significant (p < 0.01) changes were reported for 17-
days weathered leachate at 24 h for 25% HDPE and higher, and
for all % HDPE treatments at the 48 h point, while 112-days
weathered HDPE only impacted membrane integrity at 50% after
24 h exposure or longer (Figures 4E,F). Unweathered leachate
treatments affected NATL2A membrane integrity sooner and to
a higher degree than weathered leachates, but the proportion of
population affected remained below 40% (Figures 4D–F).

Plastic PVC matting leachates from both weathering periods
resulted in significantly (p < 0.01) increased proportions
of membrane compromised cells after 48 h exposure for
concentrations of 10% or higher for both tested strains (Figure 4).
For MIT9312 17-days weathered PVC leachate significantly
(p < 0.01) increased the population of SYTOX stained cells after
as little as 3 h for dilutions as low as 1% PVC (Figures 4G–I).
Longer weathering (112-days) resulted in leachates that damaged
cell membranes more slowly. However, by 24 h MIT9312
exposure to 2% PVC and above had significantly increased
the % SYTOX stained populations, indicating that plastics
were still leaching substances damaging to cells after close to
4 months of weathering. In NATL2A after 3 h, only exposure to
50% of 17-days weathered PVC leachate exhibited significantly

(p < 0.01) compromised membranes, and not until 48 h of
exposure did all tested 17-days weathered leachate treatments
show significant membrane damage (Figures 4J–L). For both
strains unweathered PVC showed a similar or higher impact on
membrane integrity than equivalent dilutions of leachate from
weathered material (Figure 4).

Elemental Analysis
Leachate elemental composition analyses conducted using
Inductively Coupled Plasma-Optical Emission Spectrometry
and Mass Spectrometry (ICP-OES and ICP-MS) identified
elements enriched in leachates relative to AMP1 control medium
with no plastic leachate added. The concentration of zinc
(Zn) was elevated in all analyzed leachates, with the highest
degree of enrichment in leachates from unweathered material,
followed by 17-days weathered, then 112-days weathered
material (Tables 1A, B). PVC consistently leached significantly
(p < 0.01) higher amounts of Zn than HDPE with leachates
from unweathered HDPE and PVC plastics containing ∼30X
and ∼458X higher Zn than the AMP1 control, respectively,
similar to what was observed previously (Tetu et al., 2019).
After 17-days of weathering, average Zn levels dropped in both
HDPE and PVC leachates such that they were ∼13X and ∼70X
higher, respectively, compared to what was measured for the
AMP1 control, however, these differences were not statistically
significant. After the longer 112-days period of environmental
weathering, HDPE leachate contained slightly elevated Zn (∼3X)
while levels were still ∼30X enriched in the PVC leachates
relative to AMP1 control media (both differences not statistically
significant). Both HDPE and PVC weathered leachates also
showed somewhat higher levels of strontium (Sr) than the AMP1
control media, however, this was only significant (p < 0.01) for
112-days weathered HDPE (Tables 1A, B). The concentrations
of chromium (Cr), copper (Cu), manganese (Mn), and nickel
(Ni) were below the method detection limit (MDL) in the AMP1
control media but within the measurable range in some leachates
suggesting these may have also been slightly enriched in some
leachates. Of the other elements measured, most were below the
MDL in both media and leachate (Si, As, Cd, Mo, Pb, Sn, V) or
were observed at similar levels in leachates and the AMP1 base
media (Ca, Na, S, Al, B, Ba) (Tables 1A, B).

DISCUSSION

While there is now some recognition that plastic pollution may
impact marine organisms via leaching of harmful chemicals
(Hermabessiere et al., 2017), the effect of weathering on leachate
toxicity is still poorly understood. To our knowledge only a few
studies have investigated how weathering of plastics affects the
toxicity of substances which leach from this material and these
have focused on toxicity to eukaryotes rather than to bacteria
(Bejgarn et al., 2015; Kedzierski et al., 2018; Gardon et al., 2020;
Kolomijeca et al., 2020). In this study, we report that common
HDPE and PVC plastic items continue to leach substances
following environmental weathering for up to 112-days which
can adversely impact Prochlorococcus growth, photosynthesis
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FIGURE 4 | SYTOX Green stained (i.e., membrane compromised) populations after exposure to different dilutions of weathered HDPE leachates in Prochlorococcus
(A–C) MIT9312, (D–F) NATL2A and PVC leachates in Prochlorococcus (G–I) MIT9312, (J–L) NATL2A. Leachate from HDPE and PVC weathered for 17-days in blue
bars, weathered for 112-days in orange bars, unweathered in black bars. Zero leachate control are represented by green bars. Column height corresponds to
mean ± standard deviation values of the biological replicates (n = 4 for all except unweathered where n = 3). Asterisks (*) are used to signify data points where
measurements were significantly (p < 0.01) different compared to the 0% leachate control at each time point to eliminate the small changes in % SYTOX stained
cells for the control.
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TABLE 1A | Concentrations of selected elements in unweathered and weathered (17- and 112-days) HDPE leachates AMP1 and control media detected by ICP-OES
and ICP-MS, and their factor of increase in leachates relative to control.

Method Element MDL Unit Control (AMP1) HDPE leachate HDPE leachate factor of increase relative to control

Unweathered 17-days 112-days Unweathered 17-days 112-days

ICP-OES Ca 10 mg/L 378 ± 35 379 ± 67 363 ± 19 321 ± 21 1.00 0.96 0.85

Na 20 mg/L 11375 ± 534 11030 ± 1225 10385 ± 788 9338 ± 204 0.97 0.91 0.82

S 10 mg/L 985 ± 95 932 ± 148 899 ± 62 799 ± 57 0.95 0.91 0.81

ICP-MS Al 5 µg/L 70 ± 61 91 ± 3.5 96 ± 70 83 ± 44 1.30 1.38 1.19

B 5 µg/L 47 ± 12 44 ± 12 82 ± 20 56 ± 12 0.93 1.74 1.19

Ba 5 µg/L 28 ± 11 27 ± 6 47 ± 14 38 ± 9.5 0.96 1.64 1.35

Cr 5 µg/L 0.43 ± 0.14 0.60 ± 0.09 11 ± 0.68 6.3 ± 0.20 NA NA NA

Cu 5 µg/L 1.9 ± 1.6 4.5 ± 3.07 9.5 ± 10 4.4 ± 0.25 NA NA NA

Mn 5 µg/L 2.6 ± 0.40 5.7 ± 1.1 1.4 ± 0.53 1.3 ± 0.18 NA NA NA

Ni 5 µg/L 4.8 ± 0.37 5.4 ± 1.6 5.6 ± 1.7 2.5 ± 0.38 NA NA NA

Sr 5 µg/L 49 ± 13 57 ± 25 70 ± 19 105 ± 9.1 1.17 1.43 2.16

Zn 5 µg/L 11 ± 11 340 ± 132 152 ± 22 30 ± 11 30.22 13.53 2.63

Values reported here are means ± standard errors; where mean concentrations were lower than the method detection limit, results are shown in gray font. Factors of
increase were not calculated where measurements were below the accurate detection limit for control media. Si, As Cd, Mo, Pb, Sn, V concentrations were under the
detection limit for both leachate and control (so values not shown).

TABLE 1B | Concentrations of selected elements in unweathered and weathered (17 and 112-days) PVC leachates and AMP1 control media detected by ICP-OES and
ICP-MS, and their factor of increase in leachates relative to control.

Method Element MDL Unit Control (AMP1) PVC leachate PVC leachate factor of increase relative to control

Unweathered 17-days 112-days Unweathered 17-days 112-days

ICP-OES Ca 10 mg/L 378 ± 35 357 ± 78 397 ± 15 408 ± 21 0.94 1.05 1.08

Na 20 mg/L 11375 ± 534 10635 ± 898 10774 ± 462 9987 ± 283 0.93 0.95 0.88

S 10 mg/L 985 ± 95 942 ± 143 943 ± 57 837 ± 49 0.96 0.96 0.85

ICP-MS Al 5 µg/L 70 ± 61 38 ± 3.5 78 ± 49 86 ± 57 0.54 1.12 1.24

B 5 µg/L 47 ± 12 52 ± 1.6 120 ± 25 92 ± 4.1 1.10 2.56 1.97

Ba 5 µg/L 28 ± 11 38 ± 2.3 33 ± 10 29 ± 12 1.33 1.15 1.03

Cr 5 µg/L 0.43 ± 0.14 0.87 ± 0.36 0.45 ± 0.14 0.48 ± 0.13 NA NA NA

Cu 5 µg/L 1.9 ± 1.6 6.9 ± 1.3 5.3 ± 2.1 7.2 ± 0.83 NA NA NA

Mn 5 µg/L 2.6 ± 0.40 5.1 ± 1.6 8.6 ± 1.8 10 ± 0.84 NA NA NA

Ni 5 µg/L 4.8 ± 0.37 4.6 ± 0.03 4.9 ± 0.15 3.8 ± 0.27 NA NA NA

Sr 5 µg/L 49 ± 13 438 ± 268 199 ± 62 183 ± 11 8.98 4.07 3.75

Zn 5 µg/L 11 ± 11 5157 ± 1544 791 ± 29 337 ± 32 458.25 70.24 29.92

Values reported here are means ± standard errors; where mean concentrations were lower than the method detection limit, results are shown in gray font. Factors of
increase were not calculated where measurements were below the accurate detection limit for control media. Si, As Cd, Mo, Pb, Sn, V concentrations were under the
detection limit for both leachate and control (so values not shown).

and membrane integrity. However, the weathering process did
substantially reduce toxicity.

The environmental weathering applied here to HDPE bags
and PVC matting resulted in leachates that were considerably
less toxic than leachates from unweathered material, and there
was a continued reduction in toxicity between the 17- and 112-
days leaching period, based on growth rate, photophysiology
and membrane integrity measurements. This indicates that over
time, weathering in estuarine waters can change the composition
or concentration of leachable compounds that are capable of
adversely affecting marine Prochlorococcus growth. This is similar
to what was recently reported in work on pearl oysters comparing
leachate toxicity from new and aged plastic pearl-farming gear (a

mix of polyethylene and polypropylene), which reported reduced
toxicity for leachates from aged material (Gardon et al., 2020).

Leachates derived from weathered PVC showed higher
toxicity than was observed with the equivalent HDPE weathered
leachate, as seen with unweathered leachates from these
materials. Toxicity of PVC was also maintained over a longer
period of weathering with 112-days weathered PVC leachate
still able to significantly impair growth and photophysiology at
concentrations as low as 10%. The elemental analysis performed
in this study showed PVC continued to leach zinc at amounts
higher than the basal media at the longer 112-days weathering
period. The HDPE product, which leached lower levels of zinc
to begin with, showed zinc levels only slightly higher than
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the base media in 112-days weathered material. PVC products
have been shown to leach higher levels of zinc than other
polymer types, in our previous study (Tetu et al., 2019) and
by others (Oliviero et al., 2019). Our results here indicate
that PVC litter may also be particularly problematic as it has
the potential to continue to leach zinc over a considerable
period of environmental weathering. Additionally, it is likely
that leachate components not measured in this study, including
organic substances, were also different across the two tested
weathered materials and the composition and concentrations
of these other substances could also have contributed to the
observed differences in toxicity. Both organic and inorganic
additives are likely to be substantially higher in weathered PVC
leachate than from other plastics types, as production of PVC
uses much higher amounts of additives than any other polymer
type, with an estimated 73% of world production of additives
directed to PVC plastics (Rochman, 2015). Copper, a known
toxicant of Prochlorococcus at concentrations as low as 2.3 pM
(Mann et al., 2002), and manganese, known to reduce chlorophyll
a biosynthesis and photosynthesis in Synechocystis sp. PCC
6803 at 150 µM (Brandenburg et al., 2017; Eisenhut, 2020),
also continued to leach from weathered PVC at amounts above
those measured in the AMP1 control media and may have also
contributed to the toxicity of weathered PVC.

Environmental weathering processes have the potential
to alter plastic leachate composition in a variety of ways.
A wide range of plastic additives, including metals and organic
compounds used during manufacturing, can leach out from
plastic debris immersed in water (Hermabessiere et al., 2017;
Hahladakis et al., 2018). Work by Kedzierski et al. (2018)
examining PVC plastic weathered in seawater showed that
additives released from this material had increasing estrogenic
activity on Saccharomyces cerevisiae from 14 to 63 days, following
which it declined for the remainder of the 502-days study
period. They suggest this may be due to immersion resulting
in an initial loosening of the PVC polymer matrix, facilitating
the desorption of entrapped compounds into the seawater
(Kedzierski et al., 2018). However, desorption of substances from
weathered plastics likely varies for different starting materials, as
seen in this study and in previous work with marine copepods
which showed simulated weathering (UV) of a variety of plastics
resulted in leachates with increased toxicity for some items but
unaltered or decreased toxicity for other materials (Bejgarn et al.,
2015). Recent lab-based experiments which have begun to explore
how certain characteristics of the weathering environment, such
as temperature and mechanical stress, can affect leachate toxicity
have also indicated that the nature of such changes is complex
and product dependent (Kolomijeca et al., 2020).

The other main potential source of toxicants from weathered
plastic are substances from the environment that adsorb to
plastic debris whilst immersed in marine waters (Rochman,
2015), which may, under some set of conditions, later desorb.
While the dynamics of adsorption and desorption relating to
plastics are variable and generally not well understood (Ashton
et al., 2010; Holmes et al., 2012, 2014), it is thought that this
process may be a potential source of metals in some marine
ecosystems (Munier and Bendell, 2018; Prunier et al., 2019). Our

elemental analysis showed that higher levels of Cr and Sr were
leached from weathered HDPE than from unweathered material,
while leached Mn was elevated in weathered PVC, with levels
increasing as the weathering period extended, indicating these
metals may have been adsorbed from the surrounding estuarine
waters or sediments. However, it is also possible they represent
additives which have only begun to be released after some period
of weathering. In either case it is clear there is potential for
complex alterations in the makeup of leached substances and for
continued toxicity as plastic weathering proceeds.

While this work sheds light on the potential for environmental
weathering to affect the composition and toxicity of plastic
leachates, it is important to point out that these experiments
were conducted using methodology based on previous leachate
ecotoxicology testing (Lithner et al., 2012a) rather than seeking
to mimic environmental exposure scenarios. Indeed, it is difficult
to determine what marine bacteria in the oceans may currently
experience in terms of leachate exposure, as there are very few
measurements of the substances that leach from plastic debris,
or their concentrations, in the marine environment. The patterns
and timeframes associated with movement of plastics from
coastal source locations to open ocean regions are also complex
and variable, influenced by temporal and spatial factors (e.g.,
season and currents), water properties (e.g., sea surface height
and current velocities), and plastic particle properties (e.g., size,
type and extent of biofouling) (Kako et al., 2010; Maximenko
et al., 2012; Liubartseva et al., 2018; Jalón-Rojas et al., 2019). In
one study based on models of drifters, Maximenko et al. (2012)
estimated that the minimum time for microplastic debris to reach
the Great Pacific Garbage Patch from the West Coast of the
United States was less than 100 days. While there are still many
unknowns, studies to date do suggest the HDPE bags and PVC
matting used in this work represent the types of plastic that are
likely to maintain buoyancy, even when degraded into smaller
particles, remaining for some time in the photic zone down to
at least 50 m (Erni-Cassola et al., 2019; Lebreton and Andrady,
2019) where the Prochlorococcus strains used in this study reside
(Partensky et al., 1999b; Malmstrom et al., 2010). Although the
marine cyanobacterium Prochlorococcus used in this study is the
dominant open ocean photosynthetic genus, it is also found in
mesotrophic and coastal seas, including the Adriatic Sea (Santic
et al., 2011) and East China Seas (Jiao et al., 2005) which receive
significant amounts of plastic waste that are estimated to have a
floating half-life before beaching of 7–80 days (Kako et al., 2014;
Liubartseva et al., 2018).

The two Prochlorococcus strains used in this study showed
noticeable differences in the timing and extent of certain aspects
of their response to each of the tested weathered leachates, similar
to what was observed in our previous study (Tetu et al., 2019).
Growth rate measurements indicated that MIT9312, a high light
ecotype, was more susceptible to strong growth rate reduction
than NATL2A, a low light ecotype, when exposed to HDPE
and PVC weathered leachates. Photophysiological measurements
showed MIT9312 exhibited stronger reductions in 8PSII at a
wider range of weathered leachate concentrations at 24 and
48 h, but responses tended to be observed at earlier timepoints
in NATL2A than for MIT9312. Transcriptomics results from
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our earlier study showed that each of these strains co-opts
a different regulatory network in response to unweathered
leachate exposure, which likely accounts for the different
growth and photophysiological responses and sensitivities also
observed here for weathered leachate exposure. Interestingly,
previous work on copper toxicity in Prochlorococcus, using
different strains to those tested here, showed high-light adapted
Prochlorococcus to be more copper resistant than low-light
adapted ecotypes (Mann et al., 2002), contrasting with what
we observed here for plastic leachate toxicity. Although there
are no known studies on metal toxicity for the strains of
Prochlorococcus used in our study, it is possible that the
differences in plastic leachate toxicity between these two strains
may be related to ecotypic differences in responses to the high
amounts of zinc released by these weathered plastic items.
Investigating plastic leachate sensitivities and transcriptional
responses across a wider range of Prochlorococcus strains and
ecotypes would assist with determining if the leachate sensitivity
differences seen here are specific to particular strains, or generally
consistent among different representatives of high light and
low light ecotypes.

We also observed clear differences between our tested strains
in regard to membrane damage following leachate exposure,
with membrane integrity compromised in MIT9312 sooner
(as early as the 3 h timepoint) and across a wider range
of weathered leachate concentrations than seen in NATL2A.
We measured changes in membrane integrity in this work as
transcriptomic results from our previous study (Tetu et al.,
2019) implied that MIT9312 might be more sensitive to
membrane damage following plastic leachate exposure. In
the previous work MIT9312 showed significantly reduced
transcription of a number of cell wall and membrane biogenesis-
associated genes in response to unweathered leachate exposure,
while few genes in these categories showed significantly
different transcription in NATL2A, which is consistent with
the greater membrane sensitivity observed here for MIT9312.
While it is not possible to identify whether specific leachate
components are responsible for membrane damage, one
possibility is that zinc in the leachates may have contributed,
as previous investigations into the response of freshwater
cyanobacteria to high levels of zinc showed cell membrane
impairment (Newby et al., 2017). Future studies focused on
toxicity of specific plastic leachate components, including
organic substances, would help determine which component,
or mix of components, contributes to membrane damage
and would allow the investigation of mechanisms by which
specific toxicants affect cell membranes and other processes in
these organisms.

CONCLUSION

Both HDPE and PVC plastic products investigated here
showed reduced toxicity after environmental weathering, whilst
retaining some capacity to negatively affect Prochlorococcus

cell membrane integrity and photophysiology. Weathering
was observed to alter the elemental composition of plastic
leachates, with the substances leached into artificial seawater
following weathering, potentially representing both additives
and substances adsorbed from the estuarine environment.
Zinc, a widely used plastic additive and a known toxicant,
was particularly noticeable in PVC products and leached
at relatively high levels, suggesting PVC materials may
retain the capacity to adversely impact some photosynthetic
marine bacteria for at least 112 days after introduction to
the environment, as observed in this work. Further studies
into adsorption/desorption dynamics of different plastics
under environmental weathering conditions looking at both
organic and inorganic leached substances are needed to
better understand how plastic litter may affect key marine
organisms, particularly microorganisms. In this work we have
also shown that two strains of Prochlorococcus differed in
the timing and severity of their response to the weathered
leachate, in ways reminiscent of their responses to unweathered
plastic leachate. Extending such investigations across a wider
variety of Prochlorococcus strains, other marine photosynthetic
microorganisms and natural communities will help determine
the range of organisms which respond negatively to plastic
leachates and potentially identify different stress response
mechanisms employed to respond to toxicants. Such information
could help with predicting whether release of toxicants
from marine plastic debris during weathering has the
potential to alter the composition or functionality of marine
microbial communities.
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