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MARINE POLLUTION

Plastic waste in
the ocean

Jenna R. Jambeck, ** Roland Geyer? Chris Wilcox, 3> Theodore R. Siegler?

Miriam Perryman, ! Anthony Andrady,® Ram

Plastic debris in the marine environment is

entering the ocean from waste generated on land is unknown. By linking worldwide
data on solid waste, population density, and economic status, we estimated the mass

of land-based plastic waste entering the oc

tons (MT) of plastic waste was generated in 192 coastal countries in 2010, with 4.8 to
12.7 million MT entering the ocean. Population size and the quality of waste manageme

systems largely determine which countries

waste available to become plastic marine debris. Without waste management
infrastructure improvements, the cumulative quantity of plastic waste available to ente

the ocean from land is predicted to increas

gaorts of plastic pollution in the oces

t appeared in the scientific literat
@the early 1970s, yet more than 4(Q
er,no rigorous estimates exist of t
unt and origin of plastic debris €
tering the marine environmkent975he es-
timated annual flux of litter of all materia
ocean was 6.4 million tons [5.8 million me
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puts from land ir

ani Narayan,® Kara Lavender Law’

widely documented, but the quantity of plas
ean. We calculate that 275 million metric
contribute the greatest mass of uncaptured
e by an order of magnitude by 2025.

antons (MT)], based only on discharges from
uneesselsnilitary operatiorend ship casualtie
y@3drBhe discharge of plastic from at-sea ve
hehas since been banned (2), but losses stil
nit is widely cited that 80% of marine debr
iginates from landyoweverthis figure is not
s weetheubstantiated and does not inform th
>tmaass of debris entering the marine envirg
from land-based sources.
~Plastics have become increasingly domi
Dif'fHY consumer marketplace since their ¢
¢ mercialdevelopment in the 1930s and 194
Global plastic resin production reached 28
d million MT in 2012 (33 620% increase sing
& 18P3The largest market sector for plastic
ins is packaging (3); that is, materials des
vdieitymmediate disposal. In 1960, plastics 1
up less than 1% of municipal solid waste
Ui §r&Munited States (4); by 2000, this pro
increased by an order of magnitiie2005,
plastic made up at least 10% of solid was

mass in 58% (61 out of 105) of countries with
available data (5).

Plastics in the marine environmeate of
-]itc@sing concern because of their persisten
and effects on the oceans, wildlife, and, poten®
tially, humans (6). Plastic debris occurs on coadgt-
lines,in Arctic sea icet the sea surfaand =
on the sea floor (7). Weathering oplastic o
debris causes fragmentation into particles thaﬁ
even small marine invertebrates may ingest (4.
Its small size also renders this debris untracea¥le
tido its source and extremely difficult to remov

from open ocean environments, suggesting th
the most effective mitigation strategies must rg
duce inputs. =

We estimated the annual input of plastic to '%e
ntocean from waste generated by coastal popula@

tions worldwide. We defined mismanaged wa
as material that is either littered or inadequat@&y
disposed. Inadequately disposed waste is not @r:
mally managed and includes disposal in dumg2
or open, uncontrolled landfills, where it is not
fully containeMismanaged waste could even-
doadly enter the ocean via inland waterways,
s wastewater outflows, and transport by wind or
2s¢ales. Estimates of the mass of plastic waste car-
odedrby particular waterways range from <<1 kg
s per day (Hilo, HI) to 4.2 MT (4200 kg) per day
(Danube River) (10, 11). Because of their depen-
e tletade on local watershed characteristics, these
nnesaotts cannot be easily extrapolated to a global
scale.
nanklere we present a framework to calculate the
oamount of mismanaged plastic waste generated
Oannually by populations living within 50 km of a
8 coast worldwide that can potentially enter the
eocean as marine debris. For each of 192 coastal
ressuntries with at least 100 permanent residents
igtrext border the AtlanticPacific,and Indian
nadeans and the Mediterranean and Black seas,
pyth@famework includes: (i) the mass of waste
paytioerated per capita annually; (ii) the percent-
age of waste that is plastic; and (iii) the percent-
tedge of plastic waste that is mismanaged and,
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as marine debris (12) (data B¥)applying a| of plastic waste entering the ocean from eaphedicted growth in the percentagenaste

thereforehas the potential to enter the ocEamaste to marine debris, we estimated the%r‘rﬂaés to project the increase in mass to 2025, and
range ofconversion rates from mismanaaedcountry in 201@Qsed population growth datathat is plastid.acking information on future

Plastic waste available
to enter the ocean in 2010
(million MT)

I > 5.00
I 1.00 -5.00
[ ]o25-1.00
[ Joo1-025
[ ]<o001

Fig. 1. Global map with each country shaded according to the estimated mass of mismanaged plastic waste [millions of metric tons (MT)] generated
in 2010 by populations living within 50 km of the coast. We considered 192 countries. Countries not included in the study are shaded white.

Table 1. Waste estimates for 2010 for the top 20 countries ranked by mass of mismanaged plastic waste (in units of millions of metric tons per year).
Econ classif., economic classification; HIC, high income; UMI, upper middle income; LMI, lower middle income; LI, low income (World Bank definitions
on 2010 Gross Nationalncome).Mismanaged waste is the sum of inadequately managed waste plus 2% littering. frotahanaged plastic waste is
calculated for populations within 50 km of the coast in the 192 countries considered. pop., population; gen., generation; ppd, person per day; MMT,
metric tons.

Waste gen. . . Mismangged % of total Plasftic
Rank Countr Econ. Coastal pop. t % plastic % mismanaged plastic mismanaged marine
y . - rate . ;

classif.  [millions] [kg/ppd] waste waste waste plastic debris
[MMT/year] waste [MMT/year]
1 China UMl 262.9 1.10 11 76 8.82 27.7 1.32-3.53
2 Indonesia LMI 187.2 0.52 11 83 3.22 10.1 0.48-1.29
3 Philippines LMI 83.4 0.5 15 83 1.88 5.9 0.28-0.75
4 Vietnam LMI 55.9 0.79 13 88 1.83 5.8 0.28-0.73
5 Sri Lanka LMI 14.6 5.1 7 84 1.59 5.0 0.24-0.64
6 Thailand UMI 26.0 1.2 12 75 1.03 3.2 0.15-0.41
7 Egypt LMI 21.8 1.37 13 69 0.97 3.0 0.15-0.39
8 Malaysia UMl 22.9 1.52 13 57 0.94 2.9 0.14-0.37
9 Nigeria LMI 27.5 0.79 13 83 0.85 2.7 0.13-0.34
10 Bangladesh LI 70.9 0.43 8 89 0.79 2.5 0.12-0.31
11 South Africa  UMI 12.9 2.0 12 56 0.63 2.0 0.09-0.25
12 India LMI 187.5 0.34 3 87 0.60 1.9 0.09-0.24
13 Algeria UMl 16.6 1.2 12 60 0.52 1.6 0.08-0.21
14 Turkey UMl 34.0 1.77 12 18 0.49 1.5 0.07-0.19
15 Pakistan LMI 14.6 0.79 13 88 0.48 1.5 0.07-0.19
16 Brazil UMl 74.7 1.03 16 11 0.47 1.5 0.07-0.19
17 Burma LI 19.0 0.44 17 89 0.46 1.4 0.07-0.18
18* Morocco LMI 17.3 1.46 5 68 0.31 1.0 0.05-0.12
19 North Korea LI 17.3 0.6 9 90 0.30 1.0 0.05-0.12
20 United States HIC 112.9 2.58 13 2 0.28 0.9 0.04-0.11

*If considered collectively, coastaliropean Union countries (23 total) would rank eighteenth on the list
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global infrastructure developmtn,projec-
tion represents a business-as-usual scena

We estimate that 2.5 billion MT of muni
solid waste was generated in 2010 by 6.4
people living in 192 coastal countries (93
the global population). This estimate is br
consistent with an estimated 1.3 billion M
waste generated by 3 billion people in urk
centers globally (5). Approximately 11% (
lion MT) of the waste generated by the to
population of these 192 countries is plast
expectplastic waste to roughly track plast
resin production (270 million MT in 2010)
with differences resulting from the time I3
disposal of durable goods (lifetime of yea
decades), for example. Scaling by the pog
living within 50 km of the coast (those likg
generate most of the waste becoming ma
debris),we estimate that 99.5 million MT @
plastic waste was generated in coastal re
in 2010. Of this, 31.9 million MT were clas
as mismanaged and an estimated 4.8 to 1
lion MT entered the ocean in 2010, equivg
1.7 to 4.6% of the total plastic waste geng
those countries.

Our estimate oplastic waste entering th
ocean is one to three orders of magnitude
than the reported mass of floating plastic
in high-concentration ocean gyres and als
ally (14-17). Although these ocean estima
resent only plastics that are buoyant in se
(mainly polyethylene and polypropylerie),
2010 those resins accounted for 53% of p
production in North America and 66% of p
tic in the U.S. waste stream (4, 18). Beca
global estimates exist for other sources o
into the ocean (e.qg., losses from fishing a
or at-sea vessels, or input from natural di
we do not know what fraction of topéstic
input our land-based waste estimate repr
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Fig. 2. Estimated mass of mismanaged plas-
tic waste (millions of metric tons) input to

the ocean by populations living within 50 km
of a coast in 192 countries, plotted as a cumul
lative sum from 2010 to 2025. Estimates refle|
assumed conversion rates of mismanaged pla
waste to marine debris (high, 40%; mid, 25%;
15%). Error bars were generated using mean
standard error from the predictive models for
managed waste fraction and percent plastic i
waste stream (12).
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Our framework was designed to computestream were capped at 11% (the 192-country av-
rithe best-available data, an order-of-magnitedage in 2010), a 26% decrease would be achiev
cipstimate of the amount of mismanaged plabyc2025. This strategy would target higher-incon
billamte potentially entering the ocean worldwimetries and might require smaller global in-

6 lbfis also a useful tool to evaluate the factorgedtments. With a combined strategy, in which
oddhynining the largest sources of mismanagédtal waste management is achieved (0% mis-
T pfastic waste. The amount of mismanaged prestaged waste) in the 10 top-ranked countries
awaste generated by the coastal population ahd plastic waste generation is capped as de-

2 Bngld-country ranges from 1.1 MT to 8.8 mBkob&dTabove, 77% reduction could be real-
taper yeamyith the top 20 countnesmanaged ized, reducing the annual input of plastic waste
c.pléstic waste encompassing 83% of the totabibhe ocean to 2.4 to 6.4 million MT by 2025
€2010 (Fig. 1 and Table 1). Total annual wasteabénsS3).

(Fration is mostly a function of population [sizeSources of uncertainty in our estimates re-
gwith the top waste-producing countries haviuit from the relatively few measurements of
rsgome of the largest coastal populatkbow- | waste generatioaharacterizatiompllection,
ulatarnthe percentage of mismanaged wasteanddisposal, especially outside of urban centers,
olyrbportant when assessing the largest contribwen where data were available, methodologies

> greataste because Erge coastgdopulationy the percentage of mismanaged waste, the global
dabdsespecially in the United Statkigh per | estimate and ranking of top countries are not.
o gipia waste generation. The long-term projections are also sensitive to
tesAsgpuming no waste management infrastribe model predicting growth of plastic in the
atwaeeimprovements, the cumulative quantityvebte stream; historical growth may not be a
plastic waste available to enter the marine goed indicator of future trends (12). The inclu-
lastitonment from land is predicted to increassion of the economic cost of implementation,
ldsy an order of magnitude by 2025 Fiand | as wellas socio-culturagnvironmentabnd
ustabte S1)The predicted geographic distribu-other factors that affect infrastructure devel-
f diasticf mismanaged plastic waste in 2025/ dopment or behavioral changeuld improve
ctiviiehange substantially, although the digpéiniyevaluation of mitigation strategies (19).
salsetregen developing and industrialized countiée willnot reach a globdpeak waste” be-
grows (table S2). For example, mismanagedgra2-100 (20). Our waste will continue to grow
eseatwaste in the United States increases by 22€,increased population and increased per
whereas in the top five countries it more thaapita consumption associated with economic
doublesThe increase in these middle-incomgrowth, especially in urban areas and developing
countries results from population growth, |wAftiean countries (see supplementary materials).
generation rates for 2025 that are consistemtistorically, waste management by burying or
with economic growth (&8hd a projected int burning waste was sufficient for inert or bio-
crease in plastic in the waste stream. degradable wasbeit the rapid growth of syn-

The analytical framework can also be useth&tic plastics in the waste stream requires a
evaluate potential mitigation strategiesx- | paradigm shift. Long-term solutions will likely
ample, if the fraction of mismanaged wasteim@uele waste reduction and “downstream” wast:
reduced by 50% (i.e., a 50% increase in adegqaabgement strategies such as expanded re-
disposal of waste) in the 20 top-ranked countriesy systems and extended producer respon-
the mass of mismanaged plastic waste wousibility (2122).Improving waste management
decrease 41% by 20Phis falls to 34% if the infrastructure in developing countries is para-
reduction is only applied to the top 10 counibnimsnt and will require substantial resources and
and to 26% if applied to the top 5. To achjetien@.While such infrastructure is being devel-
75% reduction in the mass of mismanaged pfasd,industrialized countries can take imme-
tic wastayaste management would have to dete action by reducing waste and curbing the
improved by 85% in the 35 top-ranked courgroesth of single-use plastics.

This strategy would require substantial infrastruc-
ture investment primarily in low- and midd|8EFERENCES AND NOTES _
ctincome countries. 1. Nationdesearch CourtilS.) Study Pawoeal Assessing

. . . (iotentia])cean Pollutamssessing PoterBiaéan
stic Alternatively, reduced waste generatior) angutants: Report of the Study Renaksessing Potential

Igwtastic use would also decrease the amount obcean Pollutants to the Ocean AffaiGoBoanigsion on
armhismanaged p|astic Wagf@er Capita waste NaturaResourceﬁationél_esearch Coufiational
mgeneration were reduced to the 2010 average!¢ademy of Scentesshingtabl 1975). .
N > Internationdbritime Organizatioviernatior@nvention
tike.7 kg/dayin the 91 coastakountries that for the Prevention of Pollution from Ships (MARPOL),
exceed iand the percent plastic in the waste annex Vv prevention of pollution by garbage from ships”
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VIRAL REPLICATION

Structural basis for RNA replicat
by the hepatitis C virus polymer

Todd C. Appleby * Jason K. Perry, * Eisuke Murakami, ! Ona Barauskas,! Joy Feng,?
Aesop Cho}! David Fox Ill, 2 Diana R. Wetmore,? Mary E. McGrath, * Adrian S. Ray,*
Michael J. Sofia, 1 S. Swaminathan,' Thomas E. Edwards>*

Nucleotide analog inhibitors have shown clinical success in the treatment of hepatitis
C virus (HCV) infection, despite an incomplete mechanistic understanding of NS5B, the
viral RNA-dependent RNA polymerase. Here we study the details of HCV RNA replication
by determining crystal structures of stalled polymerase ternary complexes with enzyme
RNA templates, RNA primers, incoming nucleotides, and catalytic metal ions during bot
primed initiation and elongation of RNA synthesis. Our analysis revealed that highly
conserved active-site residues in NS5B position the primer for in-line attack on the
incoming nucleotide. A b loop and a C-terminal membrane-anchoring linker occlude the
active-site cavity in the apo state, retract in the primed initiation assembly to enforce
replication of the HCV genome from the Yerminus, and vacate the active-site cavity
during elongation. We investigated the incorporation of nucleotide analog inhibitors,
including the clinically active metabolite formed by sofosbuvir, to elucidate key molecul
interactions in the active site.

epgiitis C virus (HCV) is a positive-senpe)ymerase (RdRp), supports a staggering
sinflle-stranded RNA virus of the familyiralproductionestimated to be 1.3 X2.0-
iviridae and genus Hepacivirus gndions produced per day in each infected p
is {lle cause of hepatitis C in humans (#).Because the NS5B polymerase active
Lomy-term infection with HCV can leadhighly conserved, nucleotide analog inhib
end-stage liver dise&sduding hepatocellularoffer advantages over other classes of HQ
carcinoma and cirrhosisnaking hepatitis C| including activity across different viral ge
the leading cause of liver transplantation finaie a high barrier to the development of
United States (2). Direct-acting antiviral drugsce (56). The nucleotide prodrug sofosbu
were approved in 2011, but they exhibited Mragteedcently approved for combination tr
efficacy and had the potenfdaladverse side of chronic HCV (7, 8).

effects (3). The catalytic core of the viral repli@Qae substantial obstacle for the rapid d
tion complexthe NS5B RNA-dependeRNA | ery of effective nucleotide-based drugs fo
was the lack of molecular detail concernin
strate recognition during replication. NS5
2 : Citg. tains several noncanonical polymerase el
\L/JVSAA'QE?I%'S'LA@BGE’ NE Day Road VBainbridge Island, i, |, ding a C-terminal membrane anchori

*Corresponding author. E-mail: 'codd.appleby@gilead.con@nd_a th.umb dqmain b-loop inlse.rtioln (.9‘1
(T.C.A); tedwards@be4.com (T.E.E) are implicated in RNA synthesis initiation

Gilead Scienc@33 Lakeside DrRgster CitZA 94404,

SCIENCE sciencemag.org

To gain insight into the mechanism of HCV RNA
replication and its inhibition by nucleotide ana-
L lag iplibitors, we determined atomic-resolution
.It r structures of NS5B in both primed ini-
tiation and elongation states.
'aEScese traditional approaches failed to yield
ernary complexes (see the supplementary mate
rials), we prepared multiple stalled enzyme-RNA-
nucleotide ternary complex structures containing
several designed features. First, we used NS5B
from the JFH-1 genotype 2a isolate of HCV, which
is extraordinarily efficient at RNA synthesis (13).
Second, we exploited a conformational stabiliza-
tion strategy that had been developed for struc-
tural analysis of G protein-coupled receptors (14
S:'We hypothesized that a triple resistance NS5B
' mutant isolated under selective pressure of a
guanosine analog inhibitor that exhibits 1.5 time:
the initiation activity of the wild type (15) might
stabilize a specific conformational state along
the initiation pathway. Indeed, this triple mutant
exhibits a substantial structreatrangement
of the polymerase (bjch is consistent with
Althe structural rearrangement observed in binary
complexes of a b-loop deletion mutant bound to
primer-template RNA (16). The triple mutant was
rabbéedfo incorporate native and nucleotide analog
inhibitors with the RNA samples used in structure
attktermination (fig1l).The use of nucleotide
sitdiphosphate substrates rather than nucleotide
targphosphates (fig. S2) generates stalled polymer
V abomgEexes in a catalytically relevant conforma-
notipmed ernary complexes could be obtained only
resih Mrf¥, which lowers the Michaelis constant
Vi) of the initiating nucleotide (17) and increase
e aitimeenttivity of NS5B 20-fold relativétd dlg
and only with a nucleotidé/tuble-stranded
S®NA ratio of 1.0/0.6/0These approaches de-
r Kigvied to stabilize the incoming nucleotide al-
glewkzd for soaking experiments targeting several
B distinct assemblies.
emeliepatitis C virus NS5B initiates RNA synthesis
ndtadl primer-independent mechanism. Two slow
1stépatin the catalytic pathway have been identifis
(1lidkcluding the formation of an initial dinucleotide
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