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Abstract

The Deepwater Horizon oil spill has led to the use of >1 M gallons of oil spill dispersants, which are
mixtures of surfactants and solvents. Because of this large scale use there is a critical need to
understand the potential for toxicity of the currently used dispersant and potential alternatives,
especially given the limited toxicity testing information that is available. In particular, some
dispersants contain nonylphenol ethoxylates (NPEs), which can degrade to nonylphenol (NP), a
known endocrine disruptor. Given the urgent need to generate toxicity data, we carried out a series
of in vitro high-throughput assays on eight commercial dispersants. These assays focused on the
estrogen and androgen receptors (ER and AR), but also included a larger battery of assays probing
other biological pathways. Cytotoxicity in mammalian cells was also quantified. No activity was
seen in any AR assay. Two dispersants showed a weak ER signal in one assay (EC50 of 16 ppm for
Nokomis 3-F4 and 25 ppm for ZI-400). NPs and NPEs also had a weak signal in this same ER assay.
Note that Corexit 9500, the currently used product, does not contain NPEs and did not show any ER
activity. Cytotoxicity values for six of the dispersants were statistically indistinguishable, with
median LC50 values ~100 ppm. Two dispersants, JD 2000, SAF-RON GOLD, were significantly
less cytotoxic than the others with LC50 values approaching or exceeding 1000 ppm.

Introduction

The massive oil spill from the Deepwater Horizon oil platform in the Gulf of Mexico has led
to the use of correspondingly large volumes of the oil spill dispersant Corexit 9500 (Nalco
Energy Services, L.P., Sugar Land, TX). In excess of 1.5 M gallons of dispersant have been
released into the Gulf as of June 26, 2010. Oil spill dispersants are complex mixtures of two
basic components [1]. The first is comprised of one or more surfactants that can emulsify oil.
The second is a hydrocarbon-based solvent mixture that helps break up large clumps of high
molecular weight, more viscous oil. There is limited information on the potential of dispersants
to cause acute or long term toxicity in aquatic species or humans.
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EPA's Office of Research and Development was asked to evaluate the potential toxicity of
eight oil spill dispersants, including Corexit 9500. Because of the need for rapid turnaround,
it was decided to employ a series of in vitro, cell-based assays. One mode of toxicity that is of
concern for dispersants is endocrine disruption [2], due to of the fact that nonylphenol
ethoxylates (NPESs) are used in some of the dispersants as part of the surfactant component.
NPEs can degrade to produce nonylphenol[3], which can strongly interact with the estrogen
receptor[4-7]. NPEs themselves have been shown to inhibit testicular growth in rainbow trout
[8]. Because of this fact, the focus of our in vitro studies was on measuring potential interaction
of the dispersants with the estrogen receptor (ER) and the androgen receptor (AR).

Here we describe the results of a series of rapid in vitro tests to determine the interaction of
eight oil spill dispersants with ER, AR and other receptors and transcription factors. Using
several different high-throughput screening assay technologies, we were able to rapidly
produce data on the dispersants and 23 reference compounds. A multiplexed reporter gene
assay battery that is part of EPA's ToxCast program was used to evaluate activity against a
panel of 73 transcription factors and nuclear receptors[9,10]. Besides AR and ER, this
multiplexed battery probed a wide range of targets relevant to potential toxicity pathways. Cell-
based assays using beta-lactamase reporter genes under control of either the AR or the ER were
also used for gHTS (quantitative high-throughput screening)[11,12]. Cytotoxicity endpoints
were measured in order to quantify the relative mammalian cell lethality of the dispersants.

When looking at this in vitro data, several limitations need to be considered. First, not all assays
were run in metabolically competent cells, so that the effects of biotransformation are not fully
accounted for. Second, these assays cannot account for the complex interactions between cells
and organs that occur in a whole organism on the path to toxicity. Third, only short term effects
can be directly studied in these assays. Nonetheless, these in vitro screening tests were able to
provide a rapid comparison of each dispersant's potential for endocrine activity and relative
cytotoxicity in three mammalian cell types.

All assays evaluated eight commercially available oil spill dispersants that were obtained
directly from the respective manufacturers. EPA chose these eight dispersants from those listed
on the National Contingency Plan Product Schedule[13] based on three criteria: 1) lower
toxicity of the dispersant or of the dispersant when mixed with oil; 2) availability of sufficient
quantities to respond to the Gulf spill; and 3) immediate availability of samples for testing.
These included Corexit® 9500 (Nalco Inc., Sugarland TX), JD 2000™ (GlobeMark Resources
Ltd., Atlanta, GA), DISPERSIT SPC 1000™ (U.S. Polychemical Corp., Chestnut Ridge, NY),
Sea Brat#4 (Alabaster Corp., Pasadena, TX), Nokomis 3-AA (Mar-Len Supply, Inc., Hayward,
CA), Nokomis 3-F4 (Mar-Len Supply, Inc., Hayward, CA), ZI-400 (Z.l. Chemicals, Los
Angeles, CA) and SAF-RON GOLD (Sustainable Environmental Technologies, Inc., Mesa,
AZ). All are liquid solutions. Further information on the dispersants, including the limited
publicly available information on their composition is given in SI:Appendix A.1. The
dispersants were diluted in water and tested in vitro at concentrations ranging from 0.01 to
1000 ppm (vol:vol) in the presence of a final concentration of 0.5% DMSO to account for
reference compound solvent.

All assays were also run on reference compounds recommended for validating ER /AR assays
by ICCVAM (Interagency Coordination Committee on the Validation of Alternative Methods)
[14] and the U.S. EPA[15]. A preliminary set of compounds was obtained from stocks at EPA
facilities in RTP NC. Subsequently, we ordered fresh samples of a larger set from Sigma-
Aldrich (St. Louis MO). Included in the reference chemicals are both straight chain and
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branched NP isomers and corresponding example NPEs. The reference chemicals are 17f-
Trenbolone (10161-33-8), 17p-Estradiol (50-28-2), Atrazine (1912-24-9), Bisphenol A
(80-05-7), Butylbenzyl phthalate (85-68-7), Dibutyl phthalate (84-74-2), Flutamide
(13311-84-7), Linuron (330-55-2), 4-Nonylphenol (linear) (104-40-5), DDE- p,p'- (72-55-9),
Methoxychlor (72-43-5), Procymidone (32809-16-8), Vinclozolin (50471-44-8), 2,4,5-T
(93-76-5), Bicalutamide (90357-06-5), Cyproterone acetate (427-51-0), Genistein (446-72-0),
4-(tert-octyl)Phenol (140-66-9), 4-Hydroxytamoxifen (68392-35-8), 5a-androstan-17p-ol-3-
one (521-18-6) and 4-Nonylphenol, (branched) (84852-15-3). The two nonylphenol
ethoxylates are Tergitol NP-9 (127087-87-0) and Igepal CO-210 (68412-54-4). Reference
chemicals (powder form) were solubilized in DMSO to a final stock concentration of 20 mM
with serial dilutions performed in DMSO. Further information, including lot and batch are
given in SI:Appendix A.2. Chemicals were diluted to their final testing concentration in cell
culture medium resulting in a final solvent (DMSO) concentration of 0.5%.

In Vitro Assays

Results

Assays were performed by two separate laboratories. More complete details are provided in
Sl:Appendix B.

Attagene Inc. (Cary, NC) performed a battery of 48 cis- and 25 trans- receptor or transcription
factor activation assays[9,10] in human liver-derived HepG2 cells, including two ER assays
and one for AR. All assays were run in eight to 16-point concentration-response format, with
four replicates run over two weeks. This collection of assays allows us to evaluate a broad
range of pathways potentially perturbed by the dispersants and to look for non-specific assay
interference effects that could lead us to discount activity in the ER assays. Attagene assays
are described in more detail in SI: Appendix B.1.

The NIH Chemical Genomics Center (NCGC) performed qHTS (quantitative high-throughput
screening) assays[11,12,16] for activity against ER and AR. These cell-based assays (AR
bla and ER bla assays) use the ligand binding domains of either human AR or ER fused with
yeast GAL4 DNA-binding domains to drive expression of beta-lactamase reporter genes. Each
assay was run in a 24 concentration dilution series, and replicated in assays run on at least five
separate days. Details of the NCGC protocols are given in SI:Appendix B.2 and B.3.

Concentration-response data for all assays were sent to EPA NCCT where curve fitting
procedures were applied to determine if there was significant activity in each chemical-assay
pair, and if so to extract an EC50 value (concentration at which 50% of the maximal effect was
seen). The curve fitting procedure is described in SI:Appendix C. For all cell-based assays, we
also assessed concentrations at which cytotoxicity occurred, calculating an LC50 value
(concentration at which 50% of cells were killed). We additionally calculated LC20 values and
discounted assay activities observed at concentrations above these.

Cytotoxicity Data

The dispersants were tested for cytotoxicity / cell viability in three cell types: the ARHEK?293
and ER-HEK?293 cell lines (5 h incubation) from NCGC and HepG2 cells by Attagene (24 h
incubation). All LC50 values for these cell types are plotted in Figure 1 and numerical values
are listed in SI:Appendix D. For comparison, we also include LC50 values from whole animal,
aquatic species lethality assays for the mysid, Americamysis bahia, in a 48-hr static acute
toxicity test and an inland silverside, Menidia beryllina, 96-hr static acute toxicity test[17].
One can see that the cell-based LC50 values overall vary by about two orders of magnitude,
and that the values for any given chemical typically span less than one order of magnitude.
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The rank order of cytotoxicity for each dispersant varied across the 3 cell types tested. There
is significant overlap in the range of cytotoxicity for all of the dispersants except JD 2000 and
SAF-RON GOLD, which were only cytotoxic in one cell line, and then at high concentrations.
The whole animal LC50 values are almost always lower than the cell-based LC50 values. As
with the cell-based assays, JD 2000 is the least toxic in the aquatic species assays.

In order to statistically assess differential cytotoxicity across the eight dispersants we
performed an ANOVA to determine pairwise if either of two dispersants was more cytotoxic
than the other. We performed this test with and without multiple test correction (Bonferroni).
For any dispersant and assay combination that did not achieve an LC50, a default value of 3000
ppm was used; three-fold higher than the highest concentration tested. All three cell-based
quantitative cytotoxicity assays were used for this analysis, but the in vivo data in Figure 1 was
not. The resulting p-values, raw and corrected, are provided in Table S10. Both JD 2000 and
SAF-RON GOLD are significantly less cytotoxic than the other six dispersants. DISPERSIT
SPC 1000 is significantly more cytotoxic than the other dispersants in the HepG2 assay, but
not the other two.

Estrogen and Androgen Receptor Activity

We observed statistically significant ER activity for two of the dispersants, Nokomis 3-F4 and
Z1-400, in the Attagene trans-ERa assay (Table 1). Figure 2C and 2D shows the concentration-
response curves for the two active dispersants, which have EMax (maximum fold change or
efficacy) values of only 3 to 4-fold. This is in contrast to 17p-estradiol (Figure 2A), which has
an EMax value of 20-fold. The corresponding reference curve for the cis-ERE assay (Figure
2B) shows that 17p-estradiol elicits a response about half of that seen in the trans assay. The
performance of these ER assays was assessed for a set of 19 reference chemicals recommended
by ICCVAM[14] and EPA OPPT[15] and demonstrated that these assays performed well for
both positive and negative predictive value (SI:Appendix E). The trans-ERa assay correctly
matched ICCVAM expectation for 15 of 17 reference chemicals, with one false positive and
one false negative. A comparison of the cis and trans assays shows that the reference chemicals
in the cis assay consistently produce EMax values about half of that seen in the trans assay.
This would explain the absence of activity for these dispersants in the cis assay, because we
do not consider curves with EMax values below 2. Additional concentration response curves
in Figure 2 show data for NP and NPE compounds.

The only dispersant that showed any activity in any of the AR assays was JD 2000, which was
active in both the NCGC ER and AR agonist and antagonist assays in all runs with EC50 values
ranging from 100-270 ppm (AR) and 82-120 ppm (ER). From Figure 1, one can see that there
was no cytotoxicity in two of the three cell lines for JD 2000. The EMax values for JD 2000
in all of these assays was significantly greater than control values, and in the antagonist assays,
this dispersant looked like a “super-activator” rather than an antagonist. All of these data taken
together indicates strongly that some non-specific activation is occurring that is independent
of ER or AR. We have found previously that compounds identified as promiscuous “super-
activators” in multiple beta-lactamase reporter gene assays with a narrow potency range (a <3-
fold difference in potency is within the experimental variations of these assays) are usually
auto-fluorescent or non-specific activators (unpublished data). JD 2000 was tested and found
not to be auto-fluorescent. To test this as a possible artifact of the beta-lactamase assay format,
JD 2000 was tested in three other beta-lactamase reporter gene assays not regulated by nuclear
receptors (HIF1la, CRE and NF«B) and showed similar activation of all three (unpublished
data). Note that JD 2000 was inactive in all the Attagene AR and ER assays. Thus, the activity
observed for JD 2000 is likely an artifact of the beta-lactamase assay format and not due to
specific AR- or ER-ligand interactions. Considering the totality of the data, we conclude that
JD 2000 does not exhibit ER or AR specific activity.
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Nonylphenol-Related ER Activity

It is known that some of the dispersants contain NPEs. Our initial hypothesis was that any
estrogenic activity detected for the complex mixtures could be due to the NPEs or to NP itself
generated by in situ degradation of the NPE, or residual contamination from synthesis of the
NPE. Consequently, we tested two nonylphenols (one linear and one branched) and two
commercial NPEs in the Attagene assays. Table 2 shows the results of this analysis, and Figure
2A and 2B shows the corresponding dose-response curves for the Attagene ER assays. From
these data, one can see that these cell-based assays show ER activity for both the NPs and the
NPEs. The branched NP is the most potent, as expected, but the second most potent is the NPE
Igepal CO-210. These data indicates that the presence of an NP or NPE in a mixture could give
rise to ER activity such as was seen for the dispersants Nokomis 3-F4 and ZI-400. Public
information (given in SI:Appendix A) indicates that ZI-400 does in fact contain an NPE.
Determining the actual source of the estrogenic activity of the commercial NPEs and the
dispersants will require further experiments that are being planned.

Activity Against Other Biological Targets

In addition to ER and AR, we also analyzed the chemical collection (dispersants plus reference
chemicals) using a multiplexed reporter gene assay battery that evaluates activity against a
panel of transcription factors including nuclear receptors[9,10]. These data also provide a
measure of quality control related to the specificity of any endocrine-related activity caused
by the dispersants. The description of the assay and a complete list of targets is given in
Sl:Appendix B.2. All of these assays were carried out twice, one week apart, and in each week,
duplicate runs were performed.

Figure 3 summarize all of the results for the dispersants and helps illustrate several key points
about the data. First, as the concentration of a chemical approaches the cytotoxic level,
generalized cell stress occurs, accompanied by broad misregulation of transcription. When this
threshold is reached, many assays in this system simultaneously activate, but this activity is
assumed to be non-specific. One sentinel of this cell stress behavior is NRF2, which is an
indicator of generalized oxidative stress. Therefore, if we see many assays become active at
about the same concentration, especially if NRF2 is among them, we tend to discount any target
specificity above that concentration. We see this behavior for Corexit 9500 (~50 ppm), JD
2000 (~500 ppm), Nokomis 3-AA (~75 ppm), Nokomis 3-F4 (~75 ppm), Sea Brat #4 (~90
ppm) and Z1-400 (~50 ppm).

The ER activity for Nokomis 3-F4 occurs at a concentration well below where this nonspecific
behavior is indicated. For ZI-400, the confidence intervals for ER and NRF2 overlap, indicating
a possibility that the ER result is non-specific.

Starting at low concentrations, the first activity that is generally seen is for PXR (Pregnane-X-
receptor), which is a xenosensor. This behavior is entirely expected, is common across many
classes of organic chemicals, and is not in itself an indicator of toxicity. PXR has been reported
to be a xenosensor that acts to protect against endocrine active chemicals[18]. PPAR
(peroxisome proliferator activating receptor[19-23]) activity is observed for a number of the
dispersants, at higher concentrations than is seen for the PXR assays. There is a significant
literature on the relationship between PPAR activity and disease in rodents, although the human
relevance of PPAR activity is unclear [19-22,24-27]. However, only for Corexit 9500 and
Nokomis 3-AA (and potentially for SAF-RON GOLD) is the PPAR signal well below the level
of non-specific activity. Vitamin D receptor (VDR) activity is seen for Sea Brat #4 and
Nokomis 3-AA below but near the concentration of non-specific behavior.

Environ Sci Technol. Author manuscript; available in PMC 2010 August 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Judson et al.

Page 6

Despite occurring at the same concentration as NRF2 activity, the PXR and PPAR activity of
JD 2000 cannot necessarily be dismissed as being non-specific because the many other
transcription factors were not activated. It appears to be a targeted response against these two
xenosensing transcription factors. A similar observation can be made about Dispersit SPC
1000. At the concentration of NRF2 activity, we only see activation of two PXR assays and
one for SREBP (SREBFL1 sterol regulatory element binding transcription factor 1) which is
involved in fatty acid synthesis regulation.

The largest effect (in terms of EMax) of any dispersant and assay is for ZI1-400 and AhR (Aryl
hydrocarbon receptor), with EMax >30. The AhR is well-known for its role in mediating the
adaptive metabolism of xenobiotics, and also in the toxicity that follows exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (dioxin). This indicates the potential for the presence of a
relatively efficacious dioxin-like compound. In the ToxCast Phase | data set[9,28] of 309
chemicals, we saw only three chemicals (Napropamide, Propiconazole and Tetraconazole)
with AhR efficacy values higher than seen with ZI-400. It is not clear that this effect is specific
and distinct from cell stress, given that it occurs in the same concentration range as activity in
a number of other targets, and above the NRF2 EC50.

The activity of the dispersants in some of these assays, especially PXR and PPAR can be put
into context by looking at the same type of plot for the reference chemicals (Figure S3). Besides
the strong activity in AR and ER assays, which are the biological targets of these chemicals,

we see many showing activity in PXR and PPAR in the 1-100 pM range. This just illustrates
how ubiquitous activity in these xenobiotic receptors is.

Discussion

All of the dispersants showed cytotoxicity in at least one cell type at concentrations between
10 and 1000 ppm. JD 2000 and SAF-RON GOLD are significantly less cytotoxic than the other
dispersants. DISPERSIT SPC 1000 is the most cytotoxic in the HepG2 assay and in both of
the aquatic species assays. The aquatic species LC50 values tend to be lower than the cell-
based LC50 values. As with the cell-based assays, JD 2000 is the least toxic in the aquatic
species assay.

Androgen receptor (AR) activity was seen for only a single dispersant (JD 2000) in a single
cell-based AR assay (NCGC AR). For this dispersant and assay, the AR and ER concentration-
response curves were almost identical, as were the corresponding antagonist assays, and in all
cases the response exceeded the positive control. Given that AR and ER have very different
ligand-binding specificity, the similarity in responses between AR and ER implies a non-
specific “super-activator” effect. The non-specificity of this JD 2000 result was confirmed in
follow-up studies using the same assay technology three additional targets. JD 2000 was
inactive in all the other (Attagene) AR and ER assays. Therefore, we do not find any evidence
for biologically significant AR-specific activity for any of the dispersants.

Estrogen receptor (ER) activity was observed in two of the dispersants in the Attagene trans-
ERa assay (Z1-400 and Nokomis 3-F4), although at relatively high concentrations of 10-100
ppm. No dispersant tested showed activity in more than one of the three cell-based ER assays.
We have also shown that NPs and NPEs are also active in the trans-ERa assay. Therefore, the
activity in ZI-400 and Nokomis 3-F4 is suggestive of the presence of an NP or NPE as part of
the mixture. We know that this is the case with ZI-400. The ER effect seen for these dispersants
is weak, which is consistent with only a relatively small amount of NPE being in the total
mixture. In order to prove that the weak ER activity is simply due to the presence of NP or
NPE, and not to some as yet unidentified component, it would be necessary to test individual
ingredients in the dispersants.
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Six of the dispersants tested showed no evidence of interaction with ER in multiple in vitro
test systems. Integrating over all of the ER data in this manuscript and a recently published
EPA report[29] indicates that none of the eight dispersants display biologically significant
endocrine activity. However, as mentioned previously, NPEs and NPs can be endocrine
disruptors in fish[8], so the risk of using NPE-containing dispersants should be carefully
weighed against the expected benefits. One limitation of the present study is that there are other
routes by which chemicals can cause endocrine disruption, as well as other types of toxicity
that have not been tested for here. Most importantly though, there were no indications of
estrogenic activity for Corexit 9500, the dispersant currently being used in the Gulf of Mexico.

In the larger battery of tests run against the dispersants, we saw activity in PXR and PPAR
assays for most of the dispersants. These are typical responses of cells to xenobiotics and so
are not unexpected. It is worth noting the strong activity of ZI-400 relative to the AhR receptor.
For some of the dispersants, other targets were activated, but typically at concentrations
approaching cytotoxic levels.

The assays used in the present study are all derived from mammalian species, while the initial
concern in the Gulf of Mexico is for toxicity to aquatic species. However, for many targets,
including AR and ER, there is significant sequence and structural homology between mammals
and fish so that chemicals active in one tend to be active in the other. The rank ordering of
overall toxicity (Figure 1) shows a correlation between human in vitro cytotoxicity and fish
and shrimp in vivo lethality, giving further evidence of the usefulness of the assays used here.

One concluding observation of general interest is that we were able to detect specific
bioactivities in complex chemical mixtures for time-sensitive environmental issues and using
high throughput screening assays. This is exciting given that one of the challenges of real world
chemical toxicity testing is the fact that humans and other organisms are often exposed to
complex mixtures, rather than the pure single compounds that are the subject of typical toxicity
testing. The invitro tests used in this study rapidly profiled the complex dispersant formulations
without the use of animals, and screened for potential endocrine activity, other endpoints and
cytotoxicity. In different circumstances, a similar rapid screening effort could be used to make
time-sensitive decisions based on potential hazard and risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Toxicity data for the dispersants, combining data from 3 cell-based assays with data on aquatic
species [12]. Each horizontal band shows the data for one dispersant. Cell-based LC50 values
(concentration at which 50% lethality or effect is observed) are indicated by circles. Aquatic
species LC50 values are indicated by triangles. Note that all dispersants were tested in all
assays, and missing data points indicate that no toxicity was seen in that assay at the highest
concentration tested (1000 ppm). 95% confidence intervals are shown for all assays.
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Concentration-response curves for the 17p—Estradiol, NP and NPE compounds, and the two
dispersants showing activity in Attagene trans-ERa assay. (A): 17p—Estradiol and the 4 NP /
NPE compounds in the Attagene trans-ERa assay; (B) same chemicals in the Attagene cis-
ERE assay. (C): Concentration-response curves for ZI1-400 and (D) Nokomis 3-F4 in the

Attagene trans-ERa assay.
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Figure 3.

Summary plot of results for all Attagene assays and the dispersants. Each horizontal band
displays EC50 values for a single dispersant. Points are staggered in the y-direction to make
overlapping points visible. Multiple assays for a given gene target (e.g. PPARa, PPARS,
PPARY) are represented by a single symbol, plotted repeatedly. 95% confidence intervals are
shown on assays for the NRF2 as an example. The dispersant-specific vertical red lines indicate
the LC50 for cytotoxicity in the Attagene assays (HepG2 cells).
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Summary results for the Attagene trans-ERa assay for the positive dispersants. EMax: maximal fold change.

Chemical EC50 (ppm) | EMax | R? p-value
Nokomis 3-F4 | 16 3.9 0.65 | 0.00017
Z1-400 25 3.4 0.68 | 0.0041
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