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MUTAGENIC EFFECT OF MAIN GROUPS OF ORGANIC
POLLUTANTS ADSORBED ON SUSPENDED PARTICULATE
MATTER (PM10 AND PM 2.5) COLLECTED
WITHIN WROCLAW URBAN AREA

Mutagenic activity of pollutants adsorbed on suspended PM10 and PM2.5 particulates collected
in springtime within the urban area of Wroctaw (Poland) was identified by the Salmonella assay.
Particulate matter was sampled on sintered-glass filters, using a high performance Staplex air aspira-
tor. Pollutant extraction by dichloromethane was performed in a Soxhlet apparatus. The fractions
obtained were separated by a column chromatography method. The assays were conducted in the
presence of TA98 and TA100 strains as well as their derivative strains YG1041 and YG1042. It was
found that the samples under examination contained pollutants that might affect directly or indirectly
the genetic material. These are mutagens of the reading frame-shift type and the base-pair substitution
type. In the assays, where PAH, nitro-PAH and dinitro-PAH fractions were introduced, the values of
the mutagenicity ratio (MR) obtained were higher or lower compared to those obtained for the whole
extracts. The mutagenic effect was not found only in the case of a dinitro-PAH fraction presence in
the extract of PM2.5 particulates when the assay was conducted with metabolic activation.

1. INTRODUCTION

The problem of the effect of atmospheric pollution on human health and our envi-
ronment has been existed for years. Atmospheric emissions, both from natural and
anthropogenic sources, can spread over long distances and then permeate into water,
soil and living organisms. Most of air pollutants are gases. Particulate pollutants con-
stitute the second pollutant group and form a complex mixture of organic and inor-
ganic substances. Dustiness of atmospheric air is one of the parameters describing air
pollution. Most of genotoxic pollutants are adsorbed on suspended particles [1], [2].
Air is a carrier medium for xenobiotics that humans are exposed to through a respira-
tory tract. We breathe air unintentionally for 24 hours, taking up ca. 11 m’ of air over
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that period [3]. The harmfulness of particulates to organisms depends on the particu-
late diameter. The finest particulate fraction, containing particles 2.5 pm in diameter
and smaller, the so-called PM2.5 fraction, is most harmful to humans and animals.
That fraction most deeply penetrates the respiratory tract and finally settles on the
surface of alveoli. In this way, the pollutants enter the circulatory system [4].

It is very difficult to determine the type of substances that are responsible for the
air mutagenicity because of a complex pollutant composition. A huge number of
compounds representing different chemical classes can be found in polluted air, and
those compounds can form very complex mixtures of unknown biological properties.
As can be concluded based on literature analysis, mainly those more polar PAHs, i.e.
the nitro-, amino- and oxy-PAH derivatives rather than the non-substituted PAHs, can
be blamed for the mutagenic effect of the suspended particulates [5]. Because the
identification of individual chemical compounds in such a mixture as the suspended
particulates is quite hindered and often impossible, the separation of an extraction into
fractions, each of them containing compounds of a particular class, as well as the as-
sessment of mutagenicity of substances in the classes by bioindication assays become
essential. Only the results obtained using biological methods can provide us with
a reliable information about the effect of such substances on living organisms. Taking
account of the fact that the compounds under discussion in many cases show a syner-
gistic effect, this approach becomes especially important [6].

A short-term Salmonella assay (the Ames assay) has been found useful in the studies
on the mutagenicity of environmental pollutants. The assay involves the determination of
reverse mutations from histidine auxotrophy to prototrophy in specially designed mutants
of Salmonella typhimurium LT2 strains [7]. The strains used in the assays show an in-
creased sensitivity to the chemical compounds, the components of the atmospheric air. To
those strains usually belong Salmonella typhimurium TA98, TA100, YG1041 and
YG1042. S-9 fraction, consisting of microsomal enzymes isolated from rat liver induced
by biphenyl mixture (Aroclor 1254), is used in the assay for metabolic activation of pro-
mutagens. The S-9 is used in order to obtain conditions similar to those in mammal cells
[8]. The assay was applied many times to detect mutagenic effect of organic extracts of
suspended particulates that had been collected in different towns around the world [9]. In
Poland, genotoxicity of air pollutants was investigated especially in the Upper Silesia re-
gion and in the area of the cities of Warszawa and Wroctaw [10].

The purpose of this paper was to compare the mutagenicity of main groups of or-
ganic pollutants adsorbed on suspended particulates of PM10 and PM2.5 fractions,
collected in spring season over the Wroctaw area (Poland).

2. MATERIALS AND METHODS

PM10 and PM2.5 samples were taken in late March and at the beginning of April
2007 on sintered-glass filters with a high-performance Staplex air aspirator. Filters in
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the apparatus were replaced every 24 hours until all the material necessary for bio-
logical tests was collected. The sampling site was situated in the heavy traffic area of
the campus of the Wroctaw University of Technology (Norwida St./Wybrzeze
Wyspianskiego crossing) on a roof at the second floor level. Filters together with par-
ticulates from individual samplings were combined into one sample, cut into pieces
and put into Soxhlet apparatuses. Then their extraction by dichloromethane was per-
formed in the absence of light for 16 hours plus 15-minute reflux [11]. The extracts
were thickened until dry in a vacuum evaporator, and finally blown through with ni-
trogen. The dry extracts obtained were analysed for PAH, nitro-PAH and dinitro-PAH
content and also used as the material for the mutagenicity assays (Salmonella).

A crude extract was fractionated in glass columns filled with silica gel. First,
a column was conditioned with cyclohexane. Then the thickened crude extract was
placed at the head of the column and particular fractions were eluted following the
procedure reported by ZACIERA [12]. Polycyclic aromatic hydrocarbons were deter-
mined by a high-performance liquid chromatography technique using fluorescence
detection, whereas the nitro-PAH content — by the gas chromatography using mass
detection. The dry residue of particulate extracts was intended for biological exami-
nations, thus it was dissolved in sterile dimethyl sulfoxide (DMSO) in such a way that
1 em’ of stock solution contained pollutants from 1000 m® of atmospheric air. Four
test strains: TA98, TA100, YG1041 and YG1042 [13] were used in Salmonella assays
conducted according to the recommendations given by MARON and AMES [7] in two
experiment versions: without their metabolic activation and with their metabolic acti-
vation by a microsomal fraction S9. The Salmonella strains tested were donated by
Dr. T. Nohmi, the Division of Genetics and Mutagenesis, National Institute of Hygi-
enic Sciences, Tokyo, Japan. A protein content in the microsomal fraction, deter-
mined by Lowry’s method, was 64.44 mg/cn’. In the experiments, the S9 content in
the S9-mix was 4% (v/v). All organic pollutants present in the samples collected and
the pollutants contained in three fractions (PAHs, PAH nitro derivatives and PAH
dinitro derivatives) were tested and all the analyses were carried out in five replica-
tions. Cultures were incubated for 48 hours (TA98, TA100) or for 72 hours (YG1041,
YG1042) at the temperature of 37 °C. After that time the number of (his')-revertant
colonies growing on the Petri dishes were determined. Prior to starting the experi-
ments, we checked each time the genetic markers of the strains and the degree of their
spontaneous reversion (negative check) as well as the strain sensitivity to diagnostic
mutagens (positive check — without S9: 0.2 pug of 2.4,7-trinitro-9-fluorenone per plate
for the TA 98 strain and 50 pg of 2,6-dinitrotoluene per plate for the YG 1041 strain;
with S9 addition: 5 pg of 2- aminofluorene per plate for both test strains).

Mutagenic effect of suspended particulates was expressed by a mutagenicity ratio
(MR), which is the ratio of an average number of revertants grown in the presence of
the sample tested and to an average number of spontaneous revertants. The samples
were considered mutagenic if their MR > 2.
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3. RESULTS AND DISCUSSION

In the spring 2007, the following amounts of particulates were collected from the
sampling site in the Wroctaw area: PM10 — 55.02 pg/m’; PM2.5 — 36.74 pg/m’. The
volumes of air samples were 6739.24 m’ (PM10) and 7642.08 m® (PM2.5), respec-
tively. The concentration of the suspended particulates collected in springtime in the
Wroctaw area was close to that measured in the spring—summer seasons in different
European towns. For instance, the PM10 concentration in Antwerp ranged from 31.4
to 41.6 pg/m’ [14] and in Prague, Teplice and Prachatice (the Czech Republic) — be-
tween 21.2 and 57.1 ug/m’ [15]. Earlier observations in Wroctaw revealed the PM10
concentration oscillating between 19.9 ug/m® and 51.04 ug/m’ [16]. Higher concen-
tration of this fraction of particulates was measured in the Upper Silesia region [17],
where in summertime its concentration ranged from 22.5 to 77.5 pug/m’. In turn, the
PM2.5 concentration was comparable with spring-related concentration observed in
Italy. The PM2.5 concentration reported by CASSONI et al. [18] in six Italian towns
ranged between 14.36 and 48.84 pg/m’, whereas the respective concentrations in the
Turin area, found by GILLI et al. [19], ranged from 20 pg/m’ to 60 pg/m’. They were
lower than the permissible concentrations of particulate matter being collected over
a 24-hour period, which according to the US EPA regulations [20] amount to 150
pg/m’ (PM10) and 65 pg/m’ (PM2.5).

The concentrations of particulate extracts were determined for twelve PAHs and
eight PAH nitro derivatives, which are the most often occurring pollutants of the at-
mospheric air (table 1).

Table 1

PAH and nitro-PAH concentrations in organic extract of suspended PM10 and PM2.5

PAHS PMI10 | 3PMz.s Nitro-PAH PM10 |3PM2.5
(ng/m’) (ng/m’)

Phenanthrene 1.001 0.107  |1-nitronaphthalene 0.11 0.06
Anthracene 0.109 0.011  |2-nitrofluorene 0.24 0.07
Fluoranthene 1.664 0.223  |9-nitroanthracene 0.12 0.15
Pyrene 1.410 0.195  [3-nitrofluoranthene 0.11 0.05
Benzo[a]anthracene 0.638 0.084 |1-nitropyrene 0.05 0.03
Chrysene 0.432 0.111  |1,3-dinitropyrene n.d. n.d.
Benzo[b]fluoranthene 0.820 0.383 |1,6- dinitropyrene n.d. n.d.
Benzo[k]fluoranthene 0.300 0.110 |[1,8- dinitropyrene n.d. n.d.
Benzo[a]pyrene 1.870 0.316

Dibenzo[a,h]anthracene 0.035 0.046

Benzo[g,h,i]terylene 0.762 0.513

Indeno[1,2,3-c,d]pyrene 0.733 0.222

Total 9.778 2.322 |Total 0.63 0.36

n.d. — not detected.
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A total PAH amount detected in the PM10 sample was 9.778 ng/m’, and in the
PM2.5 sample — 2.322 ng/m’. Especially polyaromatic hydrocarbons containing 3 to 6
condensed rings and adsorbed on particulates show carcinogenic activity [14]. Of the
PAHs present in the extracts, three (benzo[a]anthracene, benzo[a]pyrene, di-
benzo[a,h]anthracene) were classified by IARC into 2A group as probably carcino-
genic to humans, and another three (benzo[b]fluoranthene, benzo[k]fluoranthene,
indeno[1,2,3-c,d]pyrene) into 2B group, as possibly carcinogenic to humans [21]. The
concentrations of individual PAHs were within the limits reported in the literature and
very close to those detected in the urban regions of Belgium, Czech and Italy [14],
[15], [18], [19], [22]. The proportion of benzo[a]pyrene in organic extracts was high,
and its concentrations reached 1.870 ng/m’ (in PM10 fraction) and 0.316 ng/m’ (in
PM2.5 fraction). Benzo[a]pyrene is an indicator compound used to assess the car-
cinogenic activity of other PAHs. A relative carcinogenicity index k assumed for that
compound equals 1 [21]. The samples tested, contained also, at lower concentrations,
dibenzo[a,h]anthracene — the compound of higher carcinogenic potential (k = 5), and
benzo[g,h,i]perylene — the compound of lower carcinogenity (k = 0.01). The latter
compound is regarded as the indicator of exposure to aromatic hydrocarbons emitted
by diesel engines [9].

No dinitro-PAHs were found in the extracts within their determination limits. In-
stead, five mononitro-PAH derivatives were detected, among others 2-nitrofluorene
and l-nitropyrene, both classified into the 2B group [21]. 3-nitrofluoranthene was
present in the extracts as well. 1-nitropyrene and 3-nitrofluoranthene are typical prod-
ucts of fuel combustion in diesel engines. Those compounds are not observed in any
other reactions taking place in a gaseous phase [23]. A total amount of nitro-PAHs in
the PM10 extract was 0.63 ng/m’, and in the PM2.5 sample — 0.36 ng/m’. The nitro-
PAH concentrations in organic extracts of air pollutants are usually considerably
lower as compared with the PAH content. However, such compounds are highly sta-
ble in a solid phase and some of them show higher mutagenicity (2x10° times) and
carcinogenicity (10 times) compared to those of PAHs [24].

The Salmonella assay revealed the mutagenic properties of organic air pollutants
adsorbed on suspended particles of the PM10 and PM2.5 fractions from the spring-
collected samples in the Wroctaw area (tables 2 and 3). High mutagenicity ratios
(MR) obtained in the assays conducted for the integrated extracts, in all strains, with
and without metabolic activation, proved that pollutants able to affect directly (direct
mutagens) and indirectly (promutagens) the genetic material were present in the sam-
ples tested.

In the assays with TA98 strain, which is commonly used for testing the muta-
genicity of air-polluting particulates and for detecting the mutagens of the reading
frame-shift type [7], the highest MR values (MR = 9.47 at 50 m’/plate) were obtained
for the whole PM2.5 extract when the assays were conducted without metabolic acti-
vation (table 2). The smallest air volume indispensable for a mutagenic effect in the
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TA98 strain, equal to 0.195 m’, was also obtained in the same experiments. Thus,
direct mutagens prevailed in the PM2.5 fraction of the particulate sample. In the case
of assays conducted with individual component fractions of the PM2.5, a positive
result was obtained only for the PAH nitro derivatives in the assay carried out without
metabolic activation at the highest concentration of the air pollutants. In the case of
the integrated PM10 extract, the assays conducted in the presence of the S9 fraction
and without metabolic activation gave quite close MR values. 12.5 m® of air contained
the lowest concentration of that extract necessary for producing a mutagenic effect in
the assay conducted without the S9 fraction, while in the case of the assay with the
metabolic activation, 6.25 m’ of air contained the lowest extract concentration. The
mutagenic effect was also observed for the PM10 particulate sample in the case of all
the component fractions tested, both with and without metabolic activation. The mu-
tagenicity ratios were however lower than those obtained for the unfractionated ex-
tract.

The highest MR values were obtained in the assays with the Salmonella tyhi-
murium YG1041 strain (table 1). As a TA98 derivative, this strain shows an increased
sensitivity to nitro-, amino- and hydroxylamino PAH derivatives, because in its cells
plasmids are found which are connected with the overproduction of nitroreductase
and O-acetyltransferase [13]. Using this strain, a large number of revertants were ob-
tained in the assays on whole extracts, both in the presence of the S9 fraction and
without it. Within the tested range of air pollutant concentrations (from 0.049 m’ to
50 m’) a clear dose—response relationship was observed for this strain, which fully
explains the relationship between biological effect of pollutants in the samples and
their concentration. It was observed that the smallest air volume produced the muta-
genic effect in YG1041 strain in the assays on PM2.5. In the experiments conducted
with and without metabolic activation alike, that volume was 0.098 m’. In the case,
where the fractionated PM2.5 extract was used in the assays without S9, a mutagenic
effect of PAH fraction and both fractions containing PAH nitro derivatives was ob-
served. In the assays with metabolic activation, such an effect was obtained only for
the nitro-PAH fraction. However, the MR values were lower compared with those
obtained for the integrated extract. On the other hand, in the case of the integrated
PM10 extract, we observed the mutagenic effect of the air pollutants derived from
0.78 m’ air volume in the experiments without the S9 fraction, or the mutagenic effect
of the air pollutants derived from 6.25 m® air volume — in the experiments with meta-
bolic activation. All the fractions of the PM10 extract also demonstrated the muta-
genic activity. And in this case, the MR values obtained were also lower compared
with those measured in an unfractionated extract.

When the air particulate pollutants were examined in the presence of TA100 strain
(table 3), known for undergoing a reversion, mainly when affected by mutagens of the
base-pair substitution type [7], the MR values obtained were the lowest compared
with those obtained for other strains. The highest MR (MR = 4.44) was obtained in



Mutagenic effect of main groups of organic pollutants 31

the assay with metabolic activation and the pollutants from the integrated PM10 ex-
tract contained in 50 m® of air. The lowest air volume, i.e. 1.56 m’, still produced the
mutagenic effect in TA100 strain in the assays without metabolic activation con-
ducted on the integrated PM10 extract. The mutagenic effect caused by the integrated
PM2.5 extract was less noticeable and visible in the assay without metabolic activa-
tion when the pollutants were contained in 12.5 m’ of air and in 25 m’ of air in the
assay with the SO fraction. In the experiments with fractionated extracts, the muta-
genic effect of PM10 was obtained only for the PAH-containing fraction, in the assay
conducted with metabolic activation.

In the assays with integrated extracts conducted on the YG1042 strain (table 3),
a derivative of the TA100 strain, being as sensitive to nitroaromatic compounds as
YG1041 [13], toxic effects appeared, proving that biological effect of pollutants de-
pends on their concentration. The highest MR values were obtained in the assay with
metabolic activation, for the integrated PM10 extract (MR = 8.08 at 6.25 m’/plate),
and in the assay with the S9 fraction, for the integrated PM2.5 extract (MR = 9.72 at
25 m’/plate). In the assay without metabolic activation, conducted on the integrated
PM2.5 extract, the smallest air volume, i.e 0.39 m’/plate, still produced a mutagenic
effect. In the case of assays for main groups of pollutants contained in the extracts of
particulates tested, the mutagenic effect was not observed only for the PM2.5 dinitro-
PAH fraction in the assay with metabolic activation. MR values obtained in the case
of this strain for certain fractions tested were higher than those obtained for the inte-
grated extracts at the same concentrations of pollutants introduced on a plate.

Although both samples tested differed in total content and percentage of individual
PAHs and nitro-PAHs, their extracts were mutagenic for all of the strains tested. The
strains tested responded more strongly to the mutagens contained in the PM2.5 sample.
In the case of this sample, the air volume able to produce mutagenic effects was also
larger. As has been mentioned above, biological effects, including the mutagenic effect
of suspended particles, depend greatly on their size. Particulates enter the organism
mainly through the respiratory tract. As has been reported in many studies, mutagenicity
increases with a decrease in the suspended particle aerodynamic diameter [25], which
means that the PM2.5 fraction contains greater amount of adsorbed organic compounds
than the PM10 fraction. This can be explained as follows: finer particles of larger sur-
face can adsorb more pollutants in terms of the mass of particulates [9]. It is impossible
to determine a full spectrum of mutagenic pollutants present in atmospheric air. The
particulate extracts tested comprise promutagen-like compounds and direct mutagens.
An indirect impact of pollutant on genetic material is linked with the presence of non-
substituted PAHs, whereas a direct impact — with the presence of nitro-, amino- and oxy-
PAH derivatives [26]. The highest mutagenicity ratios were induced by PM2.5 extracts
in the assays conducted without metabolic activation (the prevalence of direct-acting
mutagens) and by PM10 extracts in the assays with the S9 fraction (the prevalence of
indirect-acting mutagens). The studies confirmed a high sensitivity of YG series strains
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in detecting mutagenic compounds in the atmospheric air [17]. From the assays with the
above mentioned strains, both the highest mutagenicity ratios and the smallest air vol-
umes still producing mutagenic effects were obtained, thus providing the evidence of the
presence of nitroaromatic compounds in the extracts tested. Most articles dealing with
this subject claim that both moderately and highly polar compounds are largely respon-
sible for the mutagenic effect of suspended particles. In more polar fractions, the PAH
nitro derivatives are usually present at higher concentrations than non-substituted PAHs
[7]. Therefore, by testing the YG1041 and YG1042 strains, it is possible to detect nitro-
PAH derivatives in the extracts tested. The usefulness of the YG1041 strain in air pollu-
tion monitoring was proved in the studies conducted in North Bohemia [15], Prague
[27], Upper Silesia [17] and Wroctaw [16]. There are many different pollutants ad-
sorbed on suspended particles. They can act synergistically or their cumulative effect
can be smaller than each effect separately. The response obtained from an assay is the
resultant of such interactions [28]. When using TA98, TA100 and YG1041 strains in
experiments, the MR values obtained were lower in the assays with pollutant fractions
present in the samples (PAHs, nitro-PAHs and dinitro-PAHs) compared with the assays
with integrated extracts. In the assays with the YG1042 strain, in the case of certain
fractions, the MR values turned out to be higher than those obtained for integrated ex-
tracts. No mutagenic effect was observed only for the dinitro-PAH fraction derived from
the PM2.5 extract. Mutagenic activity was also revealed by PAH fractions and fractions
of polar compounds separated from particulates collected by other authors [29].

4. CONCLUSIONS

1. The extracts of particulate air pollutants differed in a total content and in the
percentage of individual compounds, depending on the aerodynamic diameter of their
particles.

2. The extracts of PM10 and PM2.5 sampled in spring led to mutations in the Sa/-
monella typhimurium strains TA98, TA100, YG1041 and YG1042 in the assays con-
ducted either with metabolic activation, or without it. Thus, the mutagens of the
reading frame-shift type and the base-pair substitution type were present in the sam-
ples tested, both as promutagens and direct mutagens.

3. The studies have confirmed a high suitability of YG series strains for detecting
mutagenic activity of nitro derivatives of aromatic compounds. These strains allowed
positive results to be obtained in the tested groups of pollutants in some assays, in spite
of negative results obtained in the presence of the basic strains TA98 and TA100.

4. A real health hazard posed by mutagens and carcinogens adsorbed on sus-
pended particulates can be shown only by biological examinations, as they take into
account the resultant effect of the pollutants on living organisms. In the assays con-
ducted in the presence of TA98, TA100 and YG1041 strains, the mutagenic effect of
the whole extracts of suspended particulates was greater than that of the main groups
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of pollutants occurring in the samples tested. On the contrary, in the majority of the
assays conducted with the YG1042 strain, the mutagenic effect of individual fractions
turned out to be greater than that of the whole extracts.

5. The indicators of atmospheric air pollution used in a standard monitoring (de-
termination of suspended particulate concentration and the concentration of EPA-
listed PAHs) give only approximate information on the health hazards. The monitor-
ing of atmospheric air pollution should be supplemented with the examination of mu-
tagenic activity of organic pollutants by the Salmonella assay.
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EFEKT MUTAGENNY GLOWNYCH GRUP ZANIECZYSZCZEN ORGANICZNYCH
ZAADSORBOWANYCH NA CZASTKACH PYLU ZAWIESZONEGO PM10 1 PM 2,5
POBRANEGO NA TERENIE WROCLAWIA

Korzystajac z testu Salmonella, stwierdzono mutagenne dziatanie zanieczyszczen zaadsorbowanych
na pyle zawieszonym PM10 i PM2,5 pobranym wiosna na terenie Wroctawia. Testy prowadzono w obec-
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nosci szczepu TA98 oraz jego pochodnej YG1041. W badanych probkach stwierdzono zanieczyszczenia
o charakterze mutagendw typu zmiany fazy odczytu, ktore moga oddzialywac bezposrednio i posrednio
na material genetyczny. Uzyskano nizsze warto$ci wspotczynnika mutagennosci (MR) w testach, do
ktérych wprowadzano frakcje WWA, nitro-WWA 1 dinitro-WWA, w poréwnaniu z warto§ciami MR
otrzymanymi dla calkowitych ekstraktow. Jedynie frakcje WWA 1 dinitro-WWA obecne w ekstrakcie
pytow PM2.5 nie miaty efektu mutagennego.
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