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Abstract

Nontargeted GCxGC-TOF/MS analysis of blubber from 8 common bottlenose dolphins ( 7ursiops
truncatus) inhabiting the Southern California Bight was performed to identify novel,
bioaccumulative DDT-related compounds and to determine their abundance relative to the
commonly studied DDT-related compounds. We identified 45 bioaccumulative DD T-related
compounds of which the majority (80%) is not typically monitored in environmental media.
Identified compounds include transformation products, technical mixture impurities such as
tris(chlorophenyl)methane (TCPM), the presumed TCPM metabolite tris(chlorophenyl)-methanol
(TCPMOH), and structurally related compounds with unknown sources, such as hexa- to
octachlorinated diphenylethene. To investigate impurities in pesticide mixtures as possible sources
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of these compounds, we analyzed technical DDT, the primary source of historical contamination
in the region, and technical Dicofol, a current use pesticide that contains DDT-related compounds.
The technical mixtures contained only 33% of the compounds identified in the blubber, suggesting
that transformation products contribute to the majority of the load of DDT-related contaminants in
these sentinels of ocean health. Quantitative analysis revealed that TCPM was the second most
abundant compound class detected in the blubber, following DDE, and TCPMOH loads were
greater than DDT. QSPR estimates verified 4,4",4”-TCPM and 4,4"4,”-TCPMOH are persistent
and bioaccumulative.

Graphical Abstract
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INTRODUCTION

Dichlorodiphenyltrichloroethane (DDT), a technical mixture containing roughly 80% p,p -
DDT and 20% o,p -DDT, was developed as an insecticide during World War 11 and,
following widespread use and subsequent concern regarding unintended adverse
environmental effects, was banned in the U.S. in 1972.1-5 The ultimate fate of DDT in
marine systems is closely linked to its transformation, and potential biological impacts are
related to the bioaccumulation and biomagnification of both the parent and product
compounds. Transformation pathways of DDT have been extensively studied, although not
fully elucidated (Figure 1),6-11 and multiple factors contribute to transformation in aquatic
environments.12-15 Some breakdown products have known cytotoxic and estrogenic
activities (DDMU, DDMS, DDCN, DDA\),16 and these and others have been detected in
aquatic sediments, surface waters, and fish (DDMU, DDA, DBP, DDPU, DDPS, DDNU,
DDNS, DDMS, DDOH, DDM).1117-21 Dye to knowledge gaps in the transformation
pathways, the toxicity of the transformation products, and their occurrence in biota, it is
unclear if DDT transformation results in a decrease or increase in risk to ecosystems.2?

We previously identified halogenated organic compounds (HOCs) in the blubber of an apex
predator, common bottlenose dolphins ( 7ursiops truncatus), inhabiting the Southern
California Bight (“Bight”).23 Within the Bight, the Palos Verdes Shelf (PVS) is a Superfund
site due to historic contamination of marine sediments by DDT originating from the
Montrose Chemical Corporation of California. From the 1950s to the 1970s, the company
introduced approximately 1500-2500 t of technical DDT and waste products to the local
sewer system, of which roughly half was discharged to the PVS through the outfalls of a
wastewater treatment plant.24-26 Nontargeted analysis utilizing comprehensive two-
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dimensional gas chromatography coupled to time-of-flight mass spectrometry (GCxGC/
TOF-MS) identified 34 classes of HOCs, including chlordane-related compounds,
polybrominated diphenyl ethers, halogenated natural products, and several DDT-related
contaminants. However, the identity of many of the DDT-related compounds was tentative.
GCxGC/TOF-MS provides enhanced chromatographic separation and sensitivity toward
collection of full-scan mass spectra, compared to single dimensional GC/MS. Nontargeted
analytical frameworks utilizing GCxGC/TOF-MS have proven successful in cataloging
HOCs in a variety of environmental samples.23:27-32 Here we present an expanded
investigation of the DDT-related compounds.

First, we verified the identities of previously tentatively identified DDT-related compounds
in the dolphin blubber samples, reassigned previously unknown mass spectra to DDT-related
chemical structures, and quantified the DDT-related compounds. Second, known and
potential DDT transformation products were observed in the blubber; however, it was
unclear if these were transformation products or were originally present in technical DDT.
Third, we analyzed a technical mixture of Dicofol, a current use pesticide synthesized from
DDT33:34 which contains DDT-related impurities.3>-37 Although DDT content is restricted,
38 DDT-related impurities in Dicofol can undergo long-range atmospheric transport,39:40
and it is therefore a potential, although likely minor, source to the region. Fourth, we
describe compounds identified in the blubber but not observed in either technical mixture
and are likely transformation products. Lastly, we describe compounds found in the blubber
that are structurally related to DDE but which contain 6 to 8 chlorines (instead of 4) and are
therefore not likely to be degradation products.

MATERIALS AND METHODS

Materials.

A list of defined acronyms and compound names is provided in the Supporting Information
(SI Part A).

Residue-analysis grade solvents were used for the extraction and cleanup procedures. The
following standards were purchased from AccuStandard (New Haven, CT, USA): 3,3",4,4"-
tetrabromodiphenyl ether (BDE-77); 6-fluoro-2,2" 4,4’ -tetrabromodiphenyl ether (6F
BDE-47); 4’ -fluoro-2,3,3",4,5,6-hexabromodiphenyl ether (4F BDE-69); p,0 -DDMU; p,p -
DDA, DDT (technical grade); Dicofol aka Kelthane (technical grade); and PBDE Standard
Solution for Accuracy and Precision (BDE-28, —47, —99, —100, -153, —154). The following
standards were purchased from Wellington Laboratories (Guelph, Canada): 3,3",4,4",5,5"-
hexachloro-[13C1,]biphenyl (13C-PCB-169); 2,3,3",4,4",5,5"-heptachloro-[13C15]biphenyl
(13C-PCB-189); tris(4-chlorophenyl)methane (TCPM); tris(4-chlorophenyl)methane-13C1g
(13C-TCPM), and tris(4-chlorophenyl)methanol (TCPMOH). A custom pesticide standard
containing o,p ~DDT, p,p ~-DDT, 0,0 -DDE, p,p -DDE, 0,0 -DDD, and p,p -DDD was
purchased from Ultra Scientific (N. Kingstown, RI, USA). 4,4"-DBP, 4,4"-bis(4-
chlorophenyl) sulfone, and 4,4"-DDM were purchased from Sigma-Aldrich (Milwaukee,
WI, USA). 4,4’-DDOH and 4,4-DDNU were obtained from LGC (Manchester, NH, USA).

Environ Sci Technol. Author manuscript; available in PMC 2018 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mackintosh et al.

Page 4

Collection and Analysis of Dolphin Blubber.

Blubber samples were obtained from 8 sexually mature male bottlenose dolphins ( 7ursiops
truncatus) that inhabit near-shore or deeper off-shore regions of the Bight. All dolphins were
fatally stranded on beaches in the region between 1995 and 2010. Stranding and biological
information, as well as a detailed description of the procedures for compound identification
and relative abundance determination, can be found in our previous study.23

Blubber samples were re-extracted for quantitative analysis using the previous procedures,23
with the exceptions of less sample mass to prevent chromatographic overloading and
utilization of a larger set of internal standards. Method details are provided in the Sl Part A.
Briefly, dolphin blubber samples were extracted using pressurized liquid extraction (ASE
300, Dionex, Sunnyvale, CA, USA) with dichloromethane. To reduce contaminant exclusion
or transformation during cleanup, a one-step gel permeation chromatography (GPC, J2
Scientific, Columbia, MO) procedure was used to remove lipids. Samples were analyzed
using a Pegasus 4D (LECO, St. Joseph, MI, USA) time-of-flight mass spectrometer with
electron ionization mode, connected to an Agilent 6890 gas chromatograph (Palo Alto, CA,
USA) (Table S1). Data analysis was performed with LECO ChromaTOF software version
4.43.3 utilizing automatic peak finding and mass spectral deconvolution.

Confirmation of DDT-Related Compounds.

Note both the use of a blubber matrix and the GC-based instrumentation result in
preferentially detecting nonpolar compounds as opposed to polar compounds. The identities
of some compounds were verified with authentic standards, some previously classified as
only “DDT-related” were assigned specific structures,23 and some previously unknown
spectra were also assigned structures. For example, compounds previously identified as
DDT-related 1, 2, 8, and 9 were further characterized in this work as follows. An authentic
standard of p,p “DDM matched the retention time and mass spectrum of DDT-related 2. The
mass spectra for compounds previously assigned as DDT-related 1, 8, and 9 also matched
the p,p ~-DDM reference standard, but the retention times did not match. Therefore, these
compounds are likely isomers of p,p ~DDM and were tentatively assigned as DDM 1, 2, and
3 (Table 1). Identifications were made through one of the following categories and are listed
in Table 1: [1] The experimental mass spectrum and retention time were matched to those of
a reference standard analyzed under the same conditions. [2] The experimental spectrum, but
not the retention time, was matched to a reference standard, indicating the presence of an
isomer. [3] The experimental spectrum was matched to one within the technical DDT mass
spectral library provided in the SI. [4] The experimental mass spectrum was identified as
potentially belonging to a class of congeners on the basis of comparison to a reference
standard within the same class of congeners. Additionally, identifications in categories [2]
and [4] must be aligned in 2D chromatographic space with the corresponding authentic
standards. The mass spectra, fragment ion identifications, and retention times are reported SI
Part B along with the corresponding authentic standard mass spectra.

Quantitation of DDT-Related Compounds.

Quantified compounds (Table S2) include both typically monitored and nonmonitored
transformation products and related compounds such as the TCPM and TCPMOH isomers.
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Newly extracted blubber samples with masses of either 0.1 g of lipid or 1 g of lipid were
quantified by GCxGC/TOF-MS. For compounds that were chromatographically overloaded,
such as p,p ~-DDE, the smaller sample size (0.1 g of lipid) was used for quantitation.
Samples were injected in the hot splitless mode (2 ¢, 300 °C) into a Restek (Bellefonte,
PA) Rtx5-MS column (30-m length, 0.25 mm i.d., 0.25-zm film thickness) with a 5 m guard
column, followed by a Restek Rxi-17 column (1-m length, 0.10 mm i.d., 0.10-zm film
thickness). Instrumental conditions were the same as our previous analysis.23 The full GC
temperature program is described in the Sl (Table S1). Quantitative analysis was performed
using multipoint calibration curves. If an exact authentic standard could not be obtained,
quantitation was performed using a standard of an isomer or structurally related compound.
Manual reviews of all compound identifications and peak integrations were performed to
ensure accuracy. The average recovery of the BDE 77, 13C-TCPM, and 6F BDE-47 internal
standards used in the quantitative analysis was 65% + 21 and 64% =+ 21 for the 1 g lipid and
0.1 g lipid samples, respectively. Procedural blanks were prepared and analyzed in the same
manner as the blubber samples. All blubber samples had levels at least three times greater
than those of the procedural blanks. Polybrominated diphenyl ethers (PBDEs, BDE-28,
BDE-47, BDE-99, BDE-100, BDE-153, and BDE-154) were also quantified for comparison
against the DDT-related compound concentrations (Table S3).

Analysis of Technical Pesticide Mixtures.

Solutions of 1, 10, 100, and 500 pg/mL technical grade DDT and Dicofol were analyzed by
GCxGC/TOF-MS, using the same instrumental conditions described above and in Table S1.
As expected, a larger number of components were detected using the 500 pg/mL solutions
(Figure S1); therefore, this concentration was used to characterize the technical mixtures and
determine the presence or absence of corresponding compounds in the blubber samples. For
both technical mixtures, the mass spectra and ancillary information (e.g., retention times and
fragment ion identifications) for all identified components were stored in custom mass
spectral libraries. The libraries are available as PDF reports in the Sl or at http://
OrgMassSpec.github.io as text files in the NIST MSP format for import into other software
(library names SpecLibDDT2015 and SpecLibKelthane2015). The uncertainty in each
identification was categorized based on the method described above.

Quantitative Structure Property Relationships (QSPRS).

For comparative purposes, selected physical and chemical properties of TCPM and
TCPMOH were estimated using the QSPRs provided by the EPI (Estimation Programs
Interface) Suite software v 4.10.41 The properties evaluated include octanol-water partition
coefficients (log Kyy), water solubility, biodegradability, and bioconcentration factors
(BCF). These are the properties outlined by Muir and Howard to determine if a compound is
persistent and bioaccumulative.42-44

RESULTS AND DISCUSSION
Identification of DDT-Related Compounds in Dolphin Blubber.

Forty-five DDT-related compounds were identified in the dolphin blubber samples including
the 6 major DDT isomers, breakdown products, related compounds with higher chlorine
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content compared to DDT, and TCPM-related compounds (structures are shown in Figure
2). Table 1 lists all compounds, the category of identification, and whether they are
transformation products. Mass spectra and ancillary information associated with
identification are available in SI Part B. The majority (80%) of the compounds is not
typically monitored in environmental media. For comparison, Table 1 also lists compounds
found in both the blubber and the two technical mixtures, as discussed in the next section.

Twenty-six percent of the compounds were identified using authentic standards (providing
the highest confidence in the identification). For the tentatively identified compounds,
retention times provided additional confidence in the identification, since related congeners
and isomers tend to align in this column combination (with Rtx-5 ms as the primary column
and Rxi-17 as the secondary column).2” Compounds sharing the same structural backbone
were plotted to examine the retention time alignment. For example, the DDE-like
compounds, including isomers of DDE, DDNU, DDMU, and highly chlorinated DDEs
(hexa- to octachlorinated diphenylethene) are shown in Figure 3. These compounds aligned
in 2-D chromatographic space, and increasing chlorination resulted in increasing retention
times. For example, the hexa- to octachlorinated diphenylethene eluted later than DDE.

Well Known DDTs.—The p,p - and o,p - isomers of DDT and its primary transformation
products DDE and DDD were identified in the dolphin blubber, all of which were confirmed
with authentic standards. These compounds have been the primary focus of monitoring#>-47
because they are persistent and bioaccumulative in wildlife and have been shown to exhibit
toxicity.#8-54 The major transformation products are formed under both aerobic conditions
(p,p -DDE) and anaerobic conditions (p,0 ~-DDD).11 The reductive dechlorination product
of DDE, DDMU, was also detected in the blubber (p,0 “DDMU was confirmed by authentic
standard; 2 other isomers were also detected).?® In 2008, p,» ~-DDMU was added to Bight
monitoring surveys after investigators determined its presence in PVS sediments, and it was
found that on average p,0 ~-DDMU was 5% of the total concentration of DDT.24 One notable
exception to this average was a sample near the PVVS margin where, in addition to containing
the highest concentrations of DDT, DDMU was nearly 50% of the total DDT concentration.
46 Following this survey, p,p “DDMU was detected and monitored in the water column
throughout the PVS.%6 Recently, p,0 “DDNU has also been detected in PVS sediments and
water, although it is not routinely monitored.>”:58 Further research is required to determine
whether the transformation products detected in the dolphin blubber samples originate from
PVS sediments.

Nonmonitored Transformation Products.—Previous transformation pathway
investigations provided insight on the origins of additional DDT-related compounds (Figure
1).6-11.55 Among these, we identified the following in dolphin blubber: p,0 ~DDM and 3
other isomers; p,p ~-DBP; DDNS; p,p -DDNU; and DDOH (2 isomers). All compounds for
which a specific isomer is assigned (e.g., p,p =) were confirmed with authentic standards.
Although not typically monitored in contaminant surveys, these HOCs were previously
detected in sediments from Chinall and surface waters from Germany.18:20 Both study
regions had heavy impacts from industrial activities, and the German study area was home to
a DDT production facility. While there is limited data on the occurrence of these
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transformation products in marine mammals, the findings of the current study indicate these
compounds bioaccumulate and potentially biomagnify in marine food webs.

TCPM or TCPMOH Related Compounds.—A total of 18 compounds belonging to this
class were identified in the dolphin blubber samples: 4,4”,4”-TCPM and 7 other isomers,
TCPM 4CI (3 isomers), 4,4",4” -TCPMOH and 5 other isomers, and TCPMOH 4ClI (Figure
2 and Table 1). An authentic standard was used for confirmation of all compounds for which
a specific isomer was assigned (SI Part B). The primary source of TCPM and TCPMOH in
the environment is largely unknown, despite both contaminants being present on a global
scale.59:60 TCPMOH was initially detected in the late 1980s in harbor seals from the
northwestern United States,51 followed by its presumed precursor TCPM in ringed seals
from the Baltic Sea in 1992.52 Possible origins of TCPM in these reports include production
of synthetic polymers and lightfast dyes and its presence as a trace byproduct of technical
organochlorines such as DDT and Dicofol.59:60 Significant correlations between both TCPM
and TCPMOH with DDTSs in animals feeding at high trophic levels have been reported.53
Further evidence linking TCPM to DDT was published in 2010 by Holmstrand et al., in
which the 6%7Cl value for TCPM closely resembled that of technical DDT, suggesting
TCPM is of anthropogenic origin.54 Our analysis detected a number of TCPM and
TCPMOH isomers with a varying degree of chlorination, which have not been previously
reported.

Hexa- to Octachlorinated Diphenylethene.—Eight compounds detected in the
dolphin blubber are suspected to contain the diphenylethene DDE backbone but with six to
eight chlorines instead of the four chlorines on DDE (Table 1). Due to the lack of authentic
standards, all eight were identified based on similarity to the fragmentation pattern of p,p -
DDE, in particular the presence of [M*], [M = 2CI]*, and [M - 4CI]* (SI Part B). As
supporting evidence for these identifications, we also identified a pentachlorinated
diphenylethene within the p,p ~DDE standard solution (Figure 4). This impurity had a
fragmentation pattern similar to that of p,p ~“DDE but with the molecular ion m/z
corresponding to the addition of a fifth chlorine. This compound is likely to be a
pentachlorinated diphenylethene (Figure 4), and its presence in a standard solution indicates
it may be a synthesis byproduct. Literature data on these compounds is sparse, and they were
not observed in the technical mixtures discussed below.

Other DDT-Related Compounds.—DDT-related 1 (Table 1 and Sl Part B) was
identified in both the dolphin blubber and the DDT technical mixture. While it has a
spectrum identical to p,p -DDMU, the retention times did not match and the structure is
therefore unknown.

Technical DDT and Dicofol as Potential Sources for DDT-Related Compounds.

The production of technical DDT results in leftover starting material, byproducts, and/or
impurities. These additional compounds may also be environmental contaminants of interest.
43 Although limited compared to our instrumentation, previous studies characterized the
components of technical DDT, many of which are known transformation products of DDT,
such as DDE, DDD, and DDOH.59:65.66
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DDT Technical Mixture.—A total of 89 chlorinated organic compounds were detected in
the DDT technical mixture. Forty were identified as either an exact or isomeric match to
authentic standards: DDT (o,p -, p,p .- and 2 other isomers), DDE (o,p -, p,p - ,and 3 other
isomers), DDD (0,0 -, p,p -, and 2 other isomers), DDMU (p,p - and 15 compounds sharing
the identical mass spectrum), DDM (p,p - and 1 other isomer), DDNS, DDNU (p,p -), DBP
(o0~ pp~-), DDOH (1 isomer), TCPM (2 isomers), and dichlorodipheny! sulfone (o,p -
and one other isomer). Twenty-five compounds were identified through a NIST library
match only (compound classes: chlorobenzaldehyde, trichloroethenylbenzene, trichloro-
(chlorophenyl)ethane, trichloro(propenyl)benzene, and pentachloroethylbenzene). The
remaining 24 compounds were identified as unknowns with 10 classes based on mass
spectral similarity. The mass spectra for all compounds are in the Sl library; only those that
are also in the dolphin blubber are listed in Table 1. The relatively large number of 16
DDMU related compounds in the technical mixture was in contrast to the 3 isomers detected
in the dolphin blubber. DDT and its major transformation products DDD and DDE were all
previously identified in technical DDT.59:65.66 The compound p,p “dichlorodiphenyl sulfone
was previously detected in a DDT technical product analyzed by Haller et al.5

Detection of TCPM in the technical mixture provides evidence of a link between this
compound and technical DDT. This was initially reported by Buser et al. in 1995, who
discovered three TCPM isomers (4,4"4”-,2,2"4” -, and 2,4”,4”-TCPM) in commercial
DDT.5 We did not detect 4,4”,4”-TCPM in the technical DDT; however, 2 other isomers
present in the dolphin blubber were detected in the technical product. Our analysis was
limited to one product, and it is possible others contain 4,4",4”-TCPM.

Technical Dicofol.—Dicofol (trade name Kelthane, 2,2,2,-trichloro-1,1-bis(4-
chlorophenyl)ethanol, Figure S2) is a current use acaricide synthesized from DDT,33:34.36
Qiu et al., among others, reported the presence of DDT-related impurities such as 0,0 -DDT,
o,p -DDE, p,p -DDT, and p,p -~ DDT with an additional chlorine in technical Dicofol.35-37
These impurities may be an additional source of DDTSs to the region through long-range
atmospheric transport followed by deposition,38-40.67-69

A total of 22 chlorinated organic compounds were identified in the technical Dicofol. The
following were identified based on exact or isomeric matches to authentic standards: DDT
(op>~ pp~-), DDE (0~ pp - and 3 other isomers), DDMU (1 isomer), DDM (p,p ),
DBP (0,0 -, p,p -, and 2 other isomers), and DDOH (1 isomer) (Table 1). Additionally, there
was one compound identified through the NIST library, chlorodiphenylmethanone, and 7
unknown compounds with 2 classes based on mass spectral similarity. The active ingredient
2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol (Figure S2) was not detected, likely due to its
rapid transformation to p,p “DBP within high temperature GC-inlet systems.”® All
compounds identified in technical Dicofol were also identified in technical DDT; therefore,
dolphin exposure to the two mixtures could not be distinguished.

Technical Mixture Comparison to Dolphin Blubber.—Fifteen compounds were
identified in both the blubber and technical DDT, whereas 8 were identified in both the
blubber and technical Dicofol (Table 1). These compounds included typically monitored
DDT and breakdown products DDE, DDD, and DDMU; nonmonitored breakdown products
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DDM, DBP, DDNS, and DDNU; and TCPM. A number of compounds (p,0 -DDMU, p,p -
DDD, TCPM 5, o,p -DDD, p,p -DBP, TCPM 3, and DDNS) with relatively high
concentrations in the blubber were also detected in the technical mixtures. Out of the 45
DDT-related compounds identified in the blubber, 16 correspond to DDT breakdown
products, with 10 of the 16 also identified in the technical mixtures. Note there is also a
potential difference between the historical discharge to the region and the technical mixtures
used in this study.

Quantification of DDT-Related Compounds in Dolphin Blubber.

Lipid-normalized concentrations of the 22 most abundant and frequently detected
compounds were quantified (Figure 5 and Table S2). The average total concentration of
DDT and related compounds in the dolphin samples was 207 + 62 pg/g lipid. As expected,
0,p -DDE was the most dominant contaminant, followed by p,0 ~DDD, 0,0 -DDE, five
TCPM isomers, and 4,4”,4” -TCPMOH. The total average concentration of the five TCPM
isomers was 19 + 10 g/g lipid, and this was the second most abundants class, following
total DDE (171 + 60 /g/g lipid). Total TCPMOH concentrations (2 + 1 1g/g lipid) were
greater than total DDT (1.2 + 0.3 1g/g lipid). The relatively large number TCPM and
TCPMOH isomers contributed to their elevated total concentrations. The two most abundant
compounds were 4,4",4”-TCPM and 4,4’4,”-TCPMOH, at 6.0 + 3.0 and 1.8 + 0.8 1g/g
lipid, respectively. These concentrations were higher than those measured in adult male sea
lions from the California coast (including the Bight) of 2.29 + 3.25 and 0.44 + 0.37 (/g
lipid, respectively.”l TCPM, TCPMOH, DDMS, and DDNS levels detected in the dolphin
blubber were comparable to those of the routinely monitored PBDEs (Table S2 and Table
S3).

According to Howard and Muir, a compound is predicted to be persistent and
bioaccumulative if the following criteria are met: log K, greater than 5, bioconcentration
factor (BCF) greater than 2000, and low biodegradability.42 The Biode-gradation Probability
Program (BIOWIN) within the EPI Suite program estimated the probability an organic
chemical will rapidly biodegrade in the presence of mixed populations of environmental
microorganisms using six different models.”2-"6 The following QSPR estimates were
obtained for 4,4”,4”-TCPM and 4,4"4,” -TCPMOH, respectively: Log Kq, of 7.30 and 6.31,
BCF of 9483 and 6802, and BIOWIN estimates showing persistence (low biodegradability)
for both compounds.*! These estimated properties provide supporting evidence that 4,4 ,4” -
TCPM and 4,4”4,” -TCPMOH are persistent and bioaccumulative in environmental media.

The bioaccumulation of HOCs, including DDT-related compounds, by marine mammals is
known to be species, gender, and age/sexual maturity specific.”” Therefore, comparisons to
other surveys were made only for Tursiops truncatus and Tursiops aduncus adult males
(Table S4). In some cited cases, the age/sexual maturity of male dolphins was not reported.
In addition, comparisons were only made for data collected during the years 1995 to 2015.
On average, YgDDT was 184 1q/g lipid and Y ,DDTs was 178 1g/g lipid (n7= 8) for the
blubber samples quantified in this study, where YgDDT is the sum of the p,p - and 0,0 -
DDT, DDD, and DDE isomers, and Y 4DDT is the sum of p,0 ~DDT, p,p -DDD, p,p -DDE,
and o,p -DDT. These concentrations are an order of magnitude higher than bottlenose
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dolphin values reported elsewhere within the United States and globally (Table S4). This
suggests that marine mammals frequenting the Bight may have among the highest DDT-
related HOC concentrations worldwide.

Implications.

This work established the bioaccumulation of DDT transformation products and technical
mixture impurities in bottlenose dolphins beyond those that are known to occur and
normally monitored. It is a step in further understanding of the fate of these compounds, and
more broadly DDT, in marine environments. The concentrations of typically monitored DDT
compounds accumulating in the bottlenose dolphins from the southern California Bight were
at least 1 order of magnitude higher than values reported from other regions. TCPM, a
largely unstudied compound, was the second most abundant class in the dolphins, following
DDE. This work informs bioaccumulation and toxicological assessments of marine life
where DDE is not the only DDT-related compound of concern.

Recommendations for future work specific to the chemical analysis of the nonmonitored
DDT-related compounds observed in this study, with the highest priority given to TCPM-
related compounds, include (1) measurement of their occurrence and spatial distribution; (2)
quantification in sediment and biota at different trophic levels to investigate persistence and
biomagnification; and (3) analysis of dated sediment cores to understand historical input and
transformation rates in coastal marine environments such as the PVS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proposed transformation pathway of p,0 -DDT, modified from Yu et al. 2011, Eggen et al.

2006, and Jensen et al. 1972.7:911
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Figure2.
Chemical structures for tris(4-chlorophenyl)methane (TCPM) and tris(4-

chlorophenyl)methanol (TCPMOH).
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Figure 3.

Two-dimensional (GCxGC) retention times of the DDT-related compounds grouped by
structural class. Retention times are an average of the 8 samples. DDE-like refers to DDE,
DDNU, and DDMU isomers and hexa- to octachlorinated diphenylethene. DDT-like refers
to DDT, DDD, DDNS, and DDMS isomers. TCPM-like refers to isomers with the same
backbone structure containing either 3 or 4 chlorines. TCPMOH-like refers to isomers with
the same backbone structure containing either 3 or 4 chlorines.
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Figure 4.
Mass spectra obtained by GCxGC/TOF-MS of a) p,p ~DDE standard, b) impurity within the

p,p -DDE standard solution tentatively identified as pentachlorinated diphenylethene, and c)
an isomer of hexachlorinated diphenylethene, DDE 6Cl 1, found in southern California
bottlenose dolphin blubber. “M” indicates the molecular ion.
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Figure5.
Lipid-normalized concentrations of the 22 most abundant and frequently detected

compounds in southern California bottlenose dolphins. Symbols represent individual
samples (7= 8), and the dash represents the median. Blue dots indicate “typically monitored
DDT compounds”, and red triangles indicate “not typically monitored DDT compounds”
respectively. The acronyms are listed in the SI Part A.
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Page 20

DDT-Related Compounds Identified in Southern California Bottlenose Dolphin Blubber Samples (/7= 8)5

compound

DDTsand Major Transformation Products That Are Typically

Monitored
DDT

pp -DDT
op’-DDT
DDE

pp -DDE
p,p -DDE
DDD
p,p-DDD
o,p’-DDD
DDMU
p,p -DDMU
DDMU 1
DDMU 2

DDT Transformation Products That Are Not Typically Monitored

DDM
p,p-DDM
DDM 1
DDM 2
DDM 3
DBP

p.p -DBP
DDNS
DDNS
DDNU

.0 -DDNU
DDOH
DDOH 1
DDOH 2
Hexa- to Octachlorinated Diphenylethene
DDE 6ClI 1
DDE 6Cl 2
DDE 6CI 3
DDE 6Cl 4
DDE 7Cl 1
Hexa- to Octachlorinated Diphenylethene
DDE 7Cl 2
DDE 7CI 3
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Page 21

DDE 8Cl

compound DDT tech. Dicofol tech.

TCPM and TCPMOH Related Compounds

TCPM

4,4’ 47-TCPM
TCPM 1
TCPM 2
TCPM 3
TCPM 4
TCPM 4CI 1
TCPM 4Cl 2
TCPM 4CI 3
TCPM 5
TCPM 6
TCPM 7
TCPMOH
4,4’ 4”-TCPMOH
TCPMOH 1
TCPMOH 2
TCPMOH 3
TCPMOH 4
TCPMOH 5
TCPMOH 4Cl

Other DDT-Related Compounds

DDT related 1

X

transformation

identification”

(4]

(1]
[2]
[2
[
[2]
(4
(4]
(4]
[2
[
[2]

(1]
[2]
[2
[
[2]
[2
(4]

(3]

a . . . Lo .
Compounds that were also detected in technical DDT, Dicofol, or reported as a microbial transformation products of DDT are denoted by an “x”.

Identification uncertainty categories are defined in the Materials and Methods section. Mass spectra and ancillary information associated with

identification (i.e. GCxGC retention times, mass fragments, and corresponding standard mass spectrum) are available in Sl Part B.
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