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1. BACKGROUND

Currently thereis alack of defensible methods that can be used to measure and assess
ecosystem responses to DOD relevant contaminants. Cleanup goals for contaminated DOD sSites are
largely based on contaminant levels derived by solvent extraction, instrumental andyses, and
assumptions about possible exposure pathways and contaminant toxicity. Large uncertainties surround
current estimates of environmenta risk because of the current dependence on chemically based
approaches. These uncertainties result from assumptions regarding contaminant biocavailability, the
toxicity of military-relevant contaminants, the toxicity of complex mixtures, and extrgpolating to higher
order effects (e.g., population-level impacts). The large assumptions and extrapolations required by
current gpproaches necessitate the use of large safety/uncertainty factors which lead to very
consarvative cleanup goas that are very expengve to obtain with current cleanup technologies.

2. OBJECTIVE

The objective of this project isto develop a suite of technicaly defensible assays that can be
effectively used in regulatory programs to quartify the ecologica risk of contaminated sediments at the
molecular-, individud-, and population-levd . Effects-based assays will be devel oped which effectively
account for contaminant bioavailability while providing an integrated measure of the toxicity of complex
mixtures. Dose-response information will be generated for military-relevant contaminants (e.g., TNT,
RDX, HMX) by measuring molecular and whole organism responses. Population-level impacts caused
by contaminant exposure will be projected using population models devel oped during this project. A
screening approach will be developed to provide cogt-effective information about the potentid for
impacts at the population-level. 1n developing this screening gpproach, we will quantify the biologica
and ecologica sgnificance of toxicant effects on gene expresson by way of comparison to whole-
organism toxicity and modeled population-level impacts.

3. TECHNICAL APPROACH

During this project we evaduated linkages among responses in gene expression, whole-organism
toxicity, and population-level impacts usng four organisms currently being used by the USEPA and
USACE to develop chronic, subletha sediment bioassays for national regulatory programs. Two of the
species occur in marine habitats (Neanthes arenaceodentata and Leptocheirus plumul osus) and two
of the species are found in freshwater habitats (Hyalella azteca and Chironomus tentans). By
smultaneoudy measuring biologica responses at three distinct levels of biologica organization (i.e,
genes, whole organisms, populaions) we will have the gbility to effectively test the religbility of
edimating potentia risk a higher levels of organization (e.g., populaions) using information that can be
quickly and inexpensively collected at lower levels of organization (i.e., the level of genes).



Genes responding to explosives exposure were identified using a combination of conserved
polymerase chain reaction (PCR) primers and differentia digplay of exposed vs. unexposed organisms.
Rapid quantitative rea time PCR assays were developed to determine the dose-response relationship
between gene expression and explosive exposure in Leptocheirus plumulosus. Whole-organism
chronic toxicity data for sediments spiked singly with TNT (and two of its degradation products), RDX
and HM X were collected. Spiked-sediment studies addressed the toxicologica interaction of
nitroaromatic compounds. Aqueous toxicity experiments addressed the toxicological interaction of a
mixture containing nitroaromatics, a heavy meta and a polycyclic aromatic hydrocarbon. Fed-
contaminated sediments were used in sediment and porewater toxicity experiments to investigate the use
of laboratory-generated single compound datato predict the toxicity of field-collected sediment.

4. SUMMARY

Nitroaromatic (e.g., TNT, TNB) and cyclonitramine (e.g., RDX and HMX) explosive
compounds were extensvely released to the environment during manufacturing, handling and disposal
operations a military sitesin the U.S,, and throughout the world, resulting in high levels of contamination
in surface water, ground water, soils, and sediments. The presence of explosve compoundsin the
aquatic environment has been related to detrimenta impacts on biologica communities. Therefore, high
environmenta concentrations of explosve compounds are potentidly damaging to natural ecosysems
and represent a Sgnificant remediation challenge. We investigated the toxicity of mgor explosve
compounds (i.e., TNT, RDX and HMX) as well as the main breakdown products of TNT, in aqueous
and sediment exposures. The explosives RDX and HM X did not decrease invertebrate surviva in water
or sediment exposures even near water solubility limits or exceedingly high sediment concentrations
(>1,000 mg/kg). The aqueous and sediment toxicity of TNT and the TNT breakdown products 2-
aminodinitrotolune (2ADNT), 2,4-diaminonitrotoluene (2,4DANT) and trinitrobenzene (TNB) were
compared using freshwater invertebrates. TNB was sSmilarly toxic to TNT. Nitro-reduction
subgtantialy decreases the toxicity of TNT, as the mono-aminated compound 2ADNT was haf astoxic
as TNT. Further amination appears to decrease toxicity even more dramatically, as the di-aminated
breakdown product 2,4DANT was substantialy less toxic than TNT. Such dramétic differencesin
toxicity among compounds were not observed in exposures to spiked sediments using the midge
Chironomus tentans or the amphipod Hyalella azteca. Results from this investigation indicate thet
TNT and its daughter compounds interact additively when in amixture. Therefore, the toxicity of a
mixture to a given receptor can be reasonably predicted using sngle-compound toxicity derived for that
receptor. We dso investigated the interaction of an explosive compound (TNB) in amixture with
chemicas belonging to different classes of contaminants, more specificaly the PAH phenanthrene and
the heavy metd lead. Mixture interaction experiments using C. tentans suggest that those compounds
interact non-additively to promote mortaity. Although aless than additive (i.e., antagonigtic)
toxicologica interaction was gpparent, further investigation of the mixture interaction among these
compound is warranted before definitive conclusions about their mode of interaction are made.



Although agueous toxicity of TNT has been previoudy studied for severd species of aguatic
organisms, the bioaccumulation of TNT in aguatic Speciesis poorly known. We investigated the
bioaccumulation of radiolabeled TNT in two benthic invertebrates. Bioconcentration factors derived
using *C-activity as a surrogate for TNT bioaccumulation (~ 100-200 g/ml) were substantially higher
than vaues derived usng HPL.C-measured water and tissue sum molar concentrations of TNT and its
daughter compounds (5.3 — 20.5) in thisstudy. The toxicologica significance of the fraction of the body
burden that does not correspond to TNT or its mgjor degradation products remains unknown.

We investigated the relationship between compound bicaccumulation and ecologically relevant
toxicity endpoints, such as surviva, with the objective of deriving critica body resdues (CBR) for
benthic invertebrates. Critical body residues were determined for C. tentans in aqueous exposures to
TNT, 2ADNT and 24DANT. CBRs, expressed as the sum molar concentrations of chemicaly
detected nitroarometics, were rdatively congtant for al compounds, ranging from 0.02 to 0.12 umol/g.
Therefore, it islikely that TNT and its mgor breskdown products act by smilar modes of action in
aquatic invertebrates, further supporting the assumption of additivity for the interaction of those
compounds.

To better understand effects at the cellular level, genetic assays were developed for assessing
effects of contaminants on benthic invertebrates. Using acommon sediment bioassay organism, L.
plumul osus, we isolated genes useful in assessing exposure to bicavailable chemicads in contaminated
sediments and waters. Prior to thiswork virtualy no genetic information existed for L. plumulosus.
We have isolated and identified genes involved in severa important biologicd pathways. These genes
include: 26S protease subunit (a component of the principle pathway for degradation of cdlular
proteins), aQM protein homologue (a novel gene that was first isolated as a putative tumor suppressor
gene from a human Wilms tumor cell line and may have an important biologica role associated with
devel opment), Mn-superoxide dismutase (controlling oxidetive stress and oxygen toxicity by converting
the superoxide radica to less dangerous forms), and severd families of mobile genetic eements were
described for the firgt time in thiswork. Mobile genetic e ements can cause mutations and chromosoma
rearrangements.

Using severd rapid gene expression assays, we have correlated expression to sublethd
biocaccumulation of TNT and lead. Assays were dso found to correlate with CBRs of lead and
phenanthrene. By assaying the effects of chemicals on the specific genes, mechanigtic inferences can be
made about toxic modes of action. TNT exposures induced expression of several genes and mobilized
severa mobile genetic dements. Low levelsof TNT caused a generd increase in gene expression, with
expression decreasing prior to letha effects being observed. Severd mobile genetic dements were
isolated from L. plumulosus. One element, hopper, was activated by near letha concentrations of
TNT, phenanthrene, and lead. Activation of transposable e ements suggests a genera response to
environmental shock and may serve as markersfor lethd effects. We sought to determine if
trangposition events occurred resulting in an increase in genomic hopper insartions. Sublethd levels of
TNT increased hopper genomic copy numbers 3.2-fold. Increased transposition directly impacted
genomic DNA dtructure as evidenced by corrdation of amplified fragment length polymorphismsto
increasing hopper copy number. Mohilization of retrotrangposons in response to chemical stress
provides L. plumul osus an opportunity for rapid genome remodeing and adaptation to an
environmental stressor.
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Exposureto TNT induced movement of hopper may result in unexpected genotoxic and
mutational events. Lead exposure effects were observed on superoxide dismutase gene expression that
could result in sengtization of L. plumulosus to subsequent TNT exposures. Since significant effects
were observed at sublethal levels of TNT, phenanthrene and lead exposure, genetic assays are useful as
tools in screening fidd- contaminated sediments. Our investigation of the toxicity, mechanisms of action,
biocaccumulation, and mixture interactions for TNT will provide vauable information when extrgpolating
laboratory data within ecologica risk assessments.

5. PROJECT ACCOMPLISHMENTS
5.aPUBLISHED STUDIES

5.a1PUBLISHED STUDY 1. Lotufo, G.R., Farrar, J.D., Inouye, L.S,, Bridges, T.S., Ringelberg,
D.B. 2001. Toxicity of sediment-associated nitroaromatic and nitrocylamine compounds to benthic
invertebrates. Environmental Toxicology and Chemistry 20 (8): 1762-1771.

Thetoxicity of nitroaromatic (2,4-diaminonitrotoluene [2,4DANT] and 1,3,5-trinitrobenzene
[TNB]) and **C-labded cyclonitramine compounds (hexahydro-1,3,5-trinitro-1,3,5-triazine [RDX] and
octahydro-1,3,5, 7-tetranitro-1,3,5, 7-tetrazocine [HM X]) to the marine polychaete Neanthes
arenaceodentata and the estuarine amphipod Leptocheirus plumulosus following 10- or 28-d
exposures to spiked sediments was investigated. Organisma-leve effects on survivd, growth, and
reproduction and cellular-level effects on gpoptoss (programmed cell deeth) were evaluated. Because
cyclonitramines have low affinity for sediment, overlying water was not exchanged in the RDX and
HMX exposures. Nitroaromatics sorbed strongly to sediment, resulting in near complete resistance to
solvent extraction. Cyclonitramines sorbed weakly to sediment, as more **C-activity was found in the
overlying water than in the sediment at exposure termination. No significant decrease in surviva or
growth was observed with cyclonitramines at initid sediment concentrations as high as 1,000 pg/g.
Surviva was sgnificantly affected by nitroaromatics at nomina sediment concentrations as low as 200
pg/g, with L. plumulosus being more sendtive than N. arenaceodentata. Growth was sgnificantly
decreased a sublethal concentrations of 2,4DANT for N. arenaceodentata. Reproduction, measured
only with L. plumulosus, was significantly decreased only in the highest RDX treatment and dsoin the
lower TNB treatment. However, no decrease was observed in higher concentrations of TNB. Body
burden at exposure termination was below detection limit (1 pg/kg) for dl compounds. Significant
inhibition of apoptosis was not accompanied by significant decreases in growth or reproduction.
Because of its critical function in many biologica processes, dterationsin this endpoint may result in
adverse effects on the organism and could be used as an early indicator of toxicity.

5.a2 PUBLISHED STUDY 2: Steevens JA., Duke, B.M., Lotufo, G.R., Bridges, T.S. 2002.
Toxicity of the explosives 2,4,6-trinitrotoluene, hexahydro-1,3,5-trinitro- 1,3,5- triazine, and octahydro-
1,3,5,7-tetranitro-1,3,5, 7-tetrazocine in sediments to Chironomus tentans and Hyalella azteca: Low-
dose hormesis and high-dose mortdity. Environmental Toxicology and Chemistry 21 (7): 1475-
1482.
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The toxicity of the explosves 2,4,6-trinitrotoluene (TNT); hexahydro-1,3,5-trinitro-1,3,5-triazine
(roya demalition explosve [RDX]); and octahydro-1,3,5, 7-tetranitro- 1,3,5, 7- tetrazocine (high-mdting
explosve [HMX]), was evauated in spiked sediment with two freshwater invertebrates. The midge
Chironomus tentans and the amphipod Hyalella azteca demongtrated significant toxic effects after
exposure to TNT and its degradation products, 1,3,5-trinitrobenzene (TNB) and 2,4- diamino- 6-
nitrotoluene (2,4DANT). Significant reductionsin surviva of C. tentans exposed to TNT, TNB, and
2,ADANT were observed at nomina sediment concentrations as low as 200 mg/kg. Hyalella azteca
was more sendgtiveto TNT, TNB, and 24DANT than the midge, where significant reductionsin
surviva were observed at nominad concentrations of 50, 100, and 200 mg/kg, respectively. Surviva of
the midge and the amphipod was unaffected after exposure to RDX or HMX at the highest
concentrations of 1,000 and 400 mg/kg, respectively. Growth of the midge, measured as total weight,
was sgnificantly reduced by 24DANT. However, significantly increased growth was observed after
exposure to sublethal concentrations of RDX and HMX. Although significant reductions in amphipod
survival were observed a high concentrations of TNB, growth was significantly increased at subletha
concentrations. The results of the current investigation suggest that organisms exposed to explosives at
contaminated sites may be affected at concentrations less than 25 mg/kg through hormetic growth
enhancement and a higher concentrations through increased mortality.
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5.a3 PUBLISHED STUDY 3: Fredrickson, H., Perkins, E., Bridges, T., Tonucci, R., Fleming, J.,
Nagel, A., Diedrich, K., Mendez Tenorio, A., Doktycz, M., Besttie, K. 2001. Towards environmenta
toxicogenomics. development of a flow-through, high-dengty DNA hybridization array and its
gpplication to ecotoxicity assessment. The Science of the Total Environment, 274:137-149

Assessment of the environmentd hazard posed by soils/ sediments containing low to moderate
levels of contaminants usng standard andytica chemica methods is uncertain due in part to alack of
information on contaminant bioavailability, the unknown interactive effects of contaminant mixtures, our
inability to determine the species of ameta in an environmenta matrix, and the relative sengtivity of
bioassay species. Regulatory agencies compensate for this uncertainty by lowering cleanup gods, but in
this process they effectively exclude otherwise attractive cleanup optionsi.e. bioremediation . Direct
evauations of soil and sediment toxicity preclude uncertainty from most of these sources. However, the
time and cost of chronic toxicity tests limits their generd application to higher levels of tiered toxicity
assessments. Transcriptiond level mRNA toxicity assessments offer great advantages in terms of speed,
cost and sample throughput. These advantages are currently offset by questions about the environmentd
relevance of molecular leve responses. To this end a flow-through, high-density DNA hybridization
array genosensor system specificaly designed for environmenta risk assessment was developed. The
genosensor is based on highly regular microchannd glass wafers to which gene probes are covdently
bound at discrete 200-mm diameter spot and addressable 250-mm spot pitch locations. The flow-
through design enables hybridization and washing times to bereduced from gpproximately 18 h to 20
min. The genosensor was configured so that DNA from 28 environmenta samples can be
smultaneoudy hybridized with up to 64 different gene probes. The standard microscopic dide format
facilitates data capture with most automated array readers and, thus high sample throughput. In
conclusion, hardware development for molecular andysisis enabling very tractable means for andyzing
RNA and DNA.. These developments have underscored the need for further developmenta work in
probe design software, and the need to relate transcriptional level datato whole-organiam toxicity
indicators.

5.a4 PUBLISHED STUDY 4: Perkins, E., Lotufo, G. 2003. Playing in the mud- usng gene
expression to assess contaminant effects on sediment dwelling invertebrates. Ecotoxicology (in press).

Bioaccumulation and toxicity tests using benthic invertebrates such as the estuarine amphipod
Leptocheirus plumulosus are typically used to assess the ecologica risk associated with contaminated
sediments. Despite their ecologica and regulatory importance, little is known about such species at the
genetic leve. To begin understanding cdllular and genetic responses of L. plumul osus to contaminants,
we isolated severa of their genes and developed quantitative assays to measure the effects of water
exposuresto 2,4,6-trinitrotoluene (TNT) and phenanthrene on gene expression. Red-time polymerase
chain reaction (PCR) assays demondrated that the expression of the genesfor actin and a
retrotransposon, hopper, was dependent on the exposure and tissue concentrations of those chemicals.
Our data suggests that exposure to the explosive 2,4,6-trinitrotoluene and phenanthrene may induce
movement of hopper resulting in unexpected genotoxic results.
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5.a5PUBLISHED STUDY 5: Perkins, E., Lotufo, G., Farrar, J.D. 2003. Chemical stress induces
transposition of aretrotrangposon in a benthic amphipod (submitted to Nature Genetics, March 2003)

Trangposable dements are thought to play a sgnificant role in adaptation and evolution via
insartions, deletions and nonhomol ogous recombination. Mobilization of trangposable e ements would
permit rapid adaptive responses to environmental shocks. Y et, with the exception of plants and
microbes, few examples exist where trangposition occurs in response to chemica pollutants stress.
Demondtration of trangposition and subsequent genomic effects in response to contaminant exposure
would provide sgnificant support to the genomic shock theory. We have isolated severd genes from
Leptocheirus plumulosus similar to retrotrangposons and trangposons. L. plumulosus must adapt to
many different chemicals asit feeds on sediment particles in estuaries from New England to Northern
Floridain the United States. Transcripts of two nonL TR retrotrangposons and two transposons
accumulated with exposure to increasing amounts of TNT. Hopper expression also increased after
exposure to phenanthrene, but not lead. We sought to determine if transposition events occurred
resulting in an increase in genomic hopper insartions. Subletha levels of TNT increased hopper
genomic copy humbers 3.2-fold. Changes in amplified fragment length polymorphismsin exposed
populations were correated with increasing hopper copy number. Mobilization of retrotrangposonsin
response to chemical stress provides L. plumulosus an opportunity for rapid genome remodding and
adaptation to an environmental stressor.
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5.b. UNPUBLISHED STUDIES

5.b.1. UNPUBLISHED STUDY 1. Effect of 2,4,6-trinitrotoluene and lead exposure on gene
expresson in Leptocheirus plumulosus. Ed Perkins

Abstract:

We have developed ten rapid, quantitative gene expression assays for awidely used toxicity
test organism, Leptocheirus plumulosus, to assess whether contaminants are biologicdly avalable to
cause sublethd or lethd effects. The redl-time polymerase chain reaction (PCR) assays were used to
examine the effects of agueous exposures of 2,4,6-trinitrotoluene (TNT) and lead on Leptocheirus.
Expression of severa genes were dependent upon aqueous and tissue concentrations. TNT caused a
generd increase in expression of target genes with the exception of a putative 26S protease regulatory
subunit gene that decreased with subletha exposureto TNT. Inhibition of 26S protease suggests that
impaired cdllular protein recycling may be a possible mechanism for hormetic effects previoudy
observed in exposures to low concentrations of TNT. Lead accumulation resulted in decreased
expression of a superoxide dismutase gene. The impact of lead on superoxide dismutase suggests that
lead exposed Leptocheirus may be more susceptible to damage by oxidative toxicants such as TNT.
These assays provide dternate sub-lethd measures for exposure effects and genotoxic potentid in
addition to contaminant availability to aquatic organiams.  Gene-expression assays should prove ussful
in the screening of large numbers of sediment samples for potentid for biologica effectsin lieu of costly
and long-duration toxicity and bicaccumulation tests.

I ntroduction:

A redligtic assessment of risk posed by contaminated sediment is obtained by determining
contaminant bioavailability, exposure, and toxicity with ecologically relevant bioassay organisms.
However current gpproaches are resource intensive and are limited to relatively few endpoints providing
little indght into mechanisms of toxicity. Standard toxicity and bioaccumulation tests for sediment have
severd drawbacks. The tests are lengthy (weeks to months), expensive (thousands of dollars per
sample), and typicaly have few end-points (surviva, growth, and reproduction) (Gray et al. 1998).
Rapid methods for screening large numbers of sediment samples containing moderate to low levels of
chemicds are needed to discriminate between Sites requiring active remediation from those where active
remediation would be more detrimental than passive remediation. To better understand contaminant
effects and mechanisms of toxicity in sediment bioassay organisms, we have studied genetic responsesin
Leptocheirus to agueous contaminant exposures.



15

Current frameworks for evauating sediment qudity integrate toxicity and bioaccumulation
testing (e.g., USEPA/USACE 1998). Severd standardized exposure assays have been developed to
asesstoxicity of water and sediments using ecologically relevant species for freshwater, estuarine and
marine habitats (Emery et al. 1997; USEPA/USACE 1998; USEPA 2000; DeWitt et al. 2001). In
particular, the estuarine infaund amphipod Leptocheirus plumulosus is used for both sediment and
water testing. Leptocheirusis aburrow-builder that feeds on particlesin suspenson and on the
sediment surface in estuaries from New England to Northern Florida (Bousfield 1973; DeWitt et al.
1992). Leptocheirus plays an important role as afood source in the Chesapeake Bay, whereit can
reach abundances of up to 29,000 M (Holland et al. 1988).

Gene based assay's promise peed, increased number of endpoints and an indication of how
toxicants exert their effects. To develop these assays, genes that respond to exposure or are involved in
critical biologica functions must be isolated and characterized. Once genes are isolated and
characterized, responses can be characterized using cDNA arrays or dternative methods such as semi-
quantitative red-time reverse transcriptase PCR (SQRT-PCR). SQRT-PCR provides arapid andysis
of smdl numbers of genes (1-50) in large numbers of samples (Bustin 2000).

The objective of this sudy wasto identify and isolate genes whose expression isinfluenced by
exposure to chemical contaminants. Using aqueous exposures of amarine invertebrateto TNT and
lead, we investigated whether these genes could provide insight into mechanisms of exposure, and
whether these potential bioreporter genes are related to the onset of toxicity and the degree of
biocaccumulation.

Materials and methods
Exposure media

A TNT spiking stock was prepared for each water treatment by combining **C-labeled TNT to
non-radiolabeled TNT in the appropriate volume of acetone. Radiolabeled trinitrotoluene (**C-TNT,
23.6 Ci mol™, 99% radiochemical purity) was purchased from New England Nuclear Research
Products (Boston, MA). Non-radiolabeled TNT (99% purity) was purchased from Chem Service
(Westchester, PA, USA). Exposure water was prepared by spiking 0.5 ml of TNT acetone stock to
each liter of artificid seawater. The target radioactivity in dl exposure water treatments was 5,000 dpm
m™. Thetarget TNT concentration in water treatments were 0.25, 0.5, 1.0, 3, and 6 mg L ™. For each
treatment, measured specific activity was used for converting the radioactivity concentration in water or
tissue samplesto TNT molar-equivaent concentration, and therefore includes parent compound and
breakdown or conjugated products. The control trestment consisted of a0.5 ml L™ acetone solution.
For lead, exposure water solutions were prepared by adding the appropriate volume of a concentrated
lead chloride agueous (3,000 mg L™) solution to artificial seawater. The target lead concentrationsin
water treatments were 0.1, 0.2, 1.0, and 2 mg L™.
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Aqgueous exposures

Mature (3-8 mg) laboratory cultured Leptocheirus plumulosus (Emery et al. 1997) were used
indl exposures. To identify genes affected by nitroaromatics and PAHs usng differentid display
techniques, 100 amphipods were exposed to nomina concentrations of 2.5, 5, and 10 mg L™ agueous
solutionsof TNT or fluoranthene in beskerswith 1 L water for 24 hours. At the end of the exposure
period, amphipods were removed, and stored in a 3x volume of RNA-later (Ambion) at —0 °C until
used for RNA isolation.

For 4-day dose-response exposures, 100 juvenile amphipods were exposed to a dose series of
TNT or lead chloridein 1 L artificid seawater for 96 hrs. Amphipods were exposed in 4-L beakers.
Four beakers were used for each treatment. Beakers were placed in awater bath a 23°C under gold
fluorescent lights at a 16:h-8h light:dark cycle. Beakers were not agrated and no food was provided.
The exposure solution from each beaker was fully renewed every 24 h. Exposure water was sampled
for radioactivity determination (TNT) and chemica andyss (Pb) at the beginning of the experiment and
daily thereafter before and after each exposure water renewa for monitoring compound concentration
throughout the exposure period and to determined compound volatilization and degradation following
the 24-h period preceding each exposure solution exchange event. One milliliter of water was
transferred to 12-ml scintillation cocktail (3a70b; Research Products Internationd, 1L, USA) and *C-
activity was quantified by liquid scintillation counting (LSC) on a Tricarb Liquid Scintillation Anayzer
(Packard Instruments, Meridian, CT, USA). Measured mean concentrations were 0.38, 0.66, 1.39,
3.79, and 7.39 mg L™ for TNT and 0.03, 0.12, 0.16, 0.74, and 1.51 mg L™ for Pb. At exposure
termination, 3-5 amphipods were blotted dry, weighed, and transferred to scintillation cocktail, and
andyzed for “*C-TNT radioactivity as described above. Remaining amphipods from each besker were
rinsed with water, blotted dry, weighed, pooled, and stored in a 3x volume of RNA-|ater (Ambion) a —
80°C until used for chemica and genetic analysis.

RNA isolation.

Tota RNA wasisolated from 200 — 500 mg tissue (20- 100 organisms) with an RNAgreen
isolation kit usng a mini-bead beater protocol and acid phenol extraction (Qbiogene) with the following
modifications. after precipitation of RNA from aqueous solution with isopropanol preci pitation solution
two liquid phases were observed rather than pelleted RNA. The lower phase was removed after which
20 pl 12 M lithium chloride per 100 pl solution were added and RNA precipitated in amicrofuge at 14
X 0. RNA pellets were washed with 70% ethanol and suspended into 100 pl SAFE buffer.
Contaminating DNA was removed using DNase and a DNA-free DNase remova kit (Ambion) as
recommended by the supplier. RNA was quantitated using the RNA stain Ribogreen (Molecular
Probes) as recommended by the manufacturer. RNA was stored at —20 °C until needed.
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| solation of conserved genes by consensus-degenerate PCR .

PCR primers used for isolation of conserved gene fragments are described in Fredrickson et d,
(2001). Briefly, dignments present in the protein family database, Pfam (Bateman et al. 2002), were
used asinput to the program MAKEBLOCK and the consensus- degenerate primer design program,
CODEHORP (Rose et al. 1998). Primers were checked for uniqueness againgt the GenBank sequence
database using the GCG Wisconsin package program FindPatterns (accelrys). Genomic DNA from
Leptocheirus was isolated from 200 mg tissue with FastDNA Kit (Qbiogene) using amini-bead beater
protocol. PCR reaction mixtures contained 75 ng of genomic DNA, 0.2 uM of dNTPs, 0.4 uM of
primers, 500 mM KCl, 100 mM Tris-HCI (pH 8.3), 40mM MgCl, 1 unit Tag DNA polymerase
(Stratagene) in atota volume of 25 pl. The reaction mixture was heated 95°C for 5 min and followed by
30 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 1min. Thefina cycle was an extension at 72°C
for 10 min. PCR products were separated in a 20x20 cm, 7% non-denaturing Long Ranger™ hydrolink
gel (Cambrex). DNA was visudized after saining with SYBR Green | dye, usng 310 nm
transllumination and a Chemilmager 4000 CCD camera system (Alpha Innotech).

Cloning and sequencing of PCR fragments.

Bands were excised from gels using arazor blade or the tip of an 18G needle. PCR fragments
were purified by heating the gd dice with 100 pl dH,0 at 100 °C for 5 min. The heated gdl dice was
removed by centrifugation and the PCR fragment purified from solution by precipitation with 1 pl Pellet
Paint mussd glycogen co-precipitant (Novagen), 1/10 volume 3M Sodium Acetate (pH 5.2) and 3
volumes ethanol. Precipitated DNA was resuspended into 10yl TE. 1 pl isolated PCR fragment was
then reamplified using the primer set used in the origind PCR reaction from which the band was
isolated. Successful reamplifications were purified usng a QIAquick PCR Purification Kit (Qiagen
Corp.) according to manufacturer's protocols and cloned into the PCR fragment cloning vector
pCR2.1-TOPO per manufacturers recommendations (Invitrogen). Plasmid DNA was isolated and
cleaned using a QlAprep Spin Miniprep Kit (Qiagen). Clones were sequenced using an ABI
3100automated capillary DNA sequencer (Applied Biosystems) and Big Dye Terminator V. 3
fluorescent dye terminator cycle sequencing kits (Applied Biosystems) as recommended. Prior to
sequencing, unincorporated dyes were removed using Centri- Sep purification columns (Princeton
Separations). Resulting sequences were identified by comparison of dl possible reading framesto
known sequences in the Nationa Center for Biotechnology Information's non-redundant protein
database using the programs BLASTX with BEAUTY pogt- processing provided by the Human
Genome Sequencing Center, Baylor College of Medicine (Worley et d 1998).
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Geneexpression analysis.

We designed redl time PCR primers for genes having high smilarity to 26S protease regulatory
subunit, B4 (a gene of unknown function isolated by differentid display), 60S ribosomal protein,
superoxide dismutase | (SOD1), superoxide dismutase 11 (SOD2), and actin sequences using the
software Primer Premier V. 4 (Premier Biosoft Internationd). The primer sequences are: 26S (forward:
TAACTTTAACGGTGCTGATT, reverses AAACTTTCCTAACTGCTTTC), B4 (forward:
GGCTAATCGTAACATGGGTG, reverse ATTGGCTAGATTATTTCCCT), 60S (forward:
AGAAGGCTGATGTAAGCGAGTT, reverses GATACGGATGACGTGGAAGG), SOD1 (forward:
TTTTCACAAGCCAGCACCAG, reverses CGGCGAGTTTGAGCCATAA), SOD2 (forward:
TTTTCACAAGCCAGCACCAG, reverses CGGCGAGTTTGAGCCATAA), and actin (forward:
GAGCGATGATCTTGATCTTGATG, reverse: TGTACCCAGGTATTGCTGACC). QuantumRNA
universal 18STRNA primers (Ambion) were used to determine abundance of 18SrRNA. Wereverse
transcribed 0.1 to 0.5 ug of total RNA into cDNA. 50 pmoles of random decamers were annegled to
RNA in a20 pl volume by heating to 85 °C for 3 minutes followed by chilling on ice. Reactions were
begun with 10 pl of cDNA synthess mix composed of 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 3mM
MgCl, 5mM dithiothreitol, 0.4mM each deoxynucl ectide triphosphate, 3 units RNase inhibitor, and 30
units M-MLV reverse transcriptase (Ambion). Reactions were placed at 42°C for 2 hrsfollowed by 5
min a 95°C to denature enzymes. Reactions were diluted to 200 pl prior to rea time PCR assays. Redl-
time PCR assays were performed using an iCycler red-time PCR machine (BioRad). Five replicate
reactions were performed for each treatment replicate. Red-time PCR reactions were composed of 50
mM KCl, 10 mM Tris-HCI (pH 9.0 at 25°C), 1.0% Triton® X-100, 0.25 mM each deoxynuclectide
triphosphate, SYBR Green | mix [final concertration of 5% dimethylsulfoxide, a 1/10,000 dilution of
SYBR Green | (Molecular Probes), 1 mg ml™ bovine serum abumin, 1% Tween® 20], 0.5 units Taq
polymerase (Promega), 0.5 mM primers, and 2ul cDNA (representing approximately 2.5 ng total
RNA) in afinal volume of 20 ul. PCR conditions were 3 min at 95°C, followed by 50 cycles of 95°C
for 30 sec, 55°C for 45 sec, and 72°C forl min. Fluorescence of primer dimer products may
overestimate abundance of desired PCR products. To minimize primer dimer interference, data were
collected after extension at 72°C during each cycle by insertion of a 10 second hold a a temperature,
collection Ty, resulting in melting of primer dimers, but not desired products. Amplification of desred
PCR products was determined using a mdting curve from 55 °C to 95 °C in 0.4 °C increments.
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Data analysis.

Threshold vaues of fluorescence (C;) obtained for red time reactions were andyzed for
differences between experimenta organisms and control organisms by determining ratios of
experimenta to control C; values usng the following formula: target expresson rdaive to control =
(efficiency of amplification of target PCR product) (0ol average CsampleC) By pression ratios between
samples were normalized to 18S rRNA as ameasure of tota RNA of samples relative to controls.
Rdative expresson vaues were identified as outliers and excluded from andysisif they werein excess
of one standard deviation from the mean. Students t-test was used to assess the significance of
observed differences as implemented by Excel (Microsoft). Correlations of genetic datawere
performed using GraphPad Prism 3.0 (GraphPad Software Inc.). Statistica analysis of chemistry,
surviva and growth data was conducted using Sigma Stat version 2.03 (Jandd Scientific). Statistical
andysswas conducted using nomina chemica concentration vaues due to difficulties associated with
measuring explogives in sediment. Significant differencesin surviva and growth of organisms were
detected using one-way analysis of variance (ANOVA) and comparisons between trestments were
determined usng Bonferroni’ st-test. Where results did not have anorma distribution, ANOVA on
ranks was used followed by Dunn’s method for multiple comparisons. For the purposes of these
experiments avaue of p < 0.05 was used for testing of sgnificance for al Satigticad tests.

Results

| solation of conserved gene fragmentsfrom Leptocheirus.

A tota of 22 different primer sets were designed from 6 different protein familiesinduding
p450, DNA topoisomerase |, superoxide dismutase, glutathione-S transferase |, cyclin, and actin
(Fredrickson et al. 2001). Using these primer sets 126 gene fragments from Leptocheirus were
isolated. 34 clones had high smilarity to known genes. Clones were isolated for actin and superoxide
dismutase along with a probable pyruvate dehydrogenase and a clone with smilarity to peptide ABC
trangporter protein (Table 5.b.1.A). Eighteen different clones were similar to conserved reverse
transcriptase protein domains of retrotransposons and conserved trangposase domains of trangposons
(Perkins et d, submitted). Most fragments characterized (92) had little smilarity to known sequences.

| solation of nitroaromatic and PAH responsive genes using differential display.

Severd genes were successfully isolated from genomic DNA that are related to conserved
genes with known functions. However the isolates have an unknown relaionship to explosves toxicity,
the focus of thiswork. To directly isolate genes responsive to military relevant compounds,
Leptocheirus was exposed to amodd explosive, TNT, and amode polyaromeatic hydrocarbon,
fluoranthene. Severa cDNAs were isolated using differentia display techniques. Three were further
characterized by sequence andyss and semi-quantitative, reverse transcriptase, red time-PCR (SQRT-
PCR) assays (Table 5.b.1.A).
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Effectsof TNT exposure on gene expression in Leptocheirus.

SQRT-PCR assays were developed to determine relative expression levels of six different
genesisolated from Leptocheirus either by codehop primers or differentia display (Table 5.b.1.A).
We have dso examined the effects of TNT on expression four transposable e ements isolated from
Leptocheirus (Perkins et a 2003, Appendix A). An additiona assay to determine relative levels of
18S ribosomal RNA transcripts was used to normaize total RNA levels between assay and exposure
replicates.

Exposureto TNT was measured as the total amount of biocaccumulated chemical (tissue
resdue) originaly entering an animd in the form of TNT, expressed in terms of TNT equivaents or total
radiolabeled compounds present in an organism post-exposure. Mortaity was dramatically affected at
exposures greater than 3.79 mg L™ (Figure 5.b.1.A) or TNT body burden grester than 686 nmole g*
tissue. Tissue resdue levels gppeared to increase linearly with exposure, dthough significant variation
was observed among replicates.

All genes were affected by exposureto TNT (Figure 5.b.1.B). Effects appeared to reflect TNT
equivaent tissue accumulation rather than exposure concentration. Expression of actin correlated
(Spearman r = 0.8524, P (2-tailed) =0.0238) with TNT tissue residues below lethd levels (<500 nmole
TNT equivdents g* tissue). We previously demonstrated that transcript levels of transpossble eements
hopper, tank, and stealth were also highly correlated (Spearman r = 0.9266, 0.08524, 0.9266
respectively and P (2-tailed) =0.0067, 0.0238, 0.0067 respectively) with TNT tissue residues (Perkins
et al. 2003). QM protein, retrotrangposon ranger and B4 increased at low-level doses of TNT (Figure
5.b.1.B). Expresson of 26S protease regulatory protein was dramatically reduced at al doses of TNT.

Superoxide dismutase gene assays faled to work with TNT exposed Leptocheirus.

Effects of lead exposure on gene expression in Leptocheirus.

Exposure of Leptocheirus to concentrations of lead from 0 to 1.51 mg L™ resulted in
proportiona accumulation of lead in tissue from 0 to 750 mg kg* (Figure 5.b.1.C). A significant effect
on surviva was seen only at the highest exposure leve (Figure 5.b.1.C). Lead had no significant effect
on hopper and actin gene expression (Figures 5.b.1.D and E). Expression of the QM protein, b4, and
the retrotransposon hopper increased only when surviva was affected (Figures 5.b.1.D and E).

Sub-lethd effects were observed with expression of the oxidative stress detoxification enzyme
superoxide dismutase, SOD2 (Figure 5.b.1.E). SOD2 expression levels were dramatically reduced at
al concentrations. Expresson levelsinversdy corrdated with tissue levels (log SOD2 expresson vs.
lead tissue concentration r=-0.7197, n=13 and log SOD2 average expression to lead tissue
concentration r=-0.8489, n=5).
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SUMMARY:

We have isolated a number of genes from a common sediment bioassay organism,
Leptocheirus plumulosus, induding dpha-actin, M- SOD, probable pyruvate dehydrogenase E1
component, a gene smilar to peptide ABC transporter binding protein, 26S protease regulatory subunit,
aQM protein homologue, severd mobile genetic dements, and genes of unknown function using
conserved PCR in addition to differentia display experiments. Quantitative gene expresson assays were
created for five genes, dpha-actin, Mn- superoxide dismutase, 26S protease regulatory subunit, QM
protein, and for an unknown gene b4, in addition to four developed previoudy for transposable
elements (Perkins et al. 2003). Gene expression of actin and the transposable e ements hopper, tank,
and stealth strongly correlated with sub-lethd biocaccumulation of TNT in 4-day exposures. Expression
of QM, b4 and the retrotransposon ranger increased expression at very low doses of TNT, but
generaly decreased expression with high concentrations TNT. One gene, a probable 26S protease
regulatory subunit, exhibited reduced expression a dl dosesof TNT.

The suppression of probable 26S protease regulatory subunit expression in concert with
increased expression of other genestested at low levels of TNT is consstent with previous observations
of hormes's, or low-dose stimulatory effects, observed in exposuresto explosives. Steevenset al.
(2002) observed increased growth in two agquatic invertebrates in sediment exposuresto RDX and
TNB. Baley et al., (1985) observed an increase in offspring in Daphnia magna exposed to sublethal
concentrations of TNT. The 26S protease regulatory subunit is one of the mgor pathways to degrade
and recycdle cdlular proteins by ATP/ubiquitin-mediated proteolyss. Inhibition of this proteosomein
Drosophila S2 cdl lines and plants leads to programmed cell desth and accumulation of
polyubiquitinated proteins (Wojcik and DeMartino 2002; Kim et al., 2003). By inhibiting 26S protease
subunit expression, intracellular proteins could accumulate leading to apparent cdll growth.

Lead exposure had no significant effect on actin or protease expression, but QM, b4, and
hopper expression rose at concentrations causing lethal effects. SOD2 expression was directly related
to sub-lethd lead tissue concentrations. SOD2 expression may be useful in quantitating bioavailability of
lead in sediment. Reduction of superoxide dismutase expression suggests that lead exposure could
sengtize organisms to further oxidative stress. We have cloned two different superoxide dismutase
genesfrom Leptocheirus, SOD1 and SOD?2, indicating the presence of a multigene family. While we
have been unable to detect expression of SOD1, expression of dternate SOD genes could compensate
for reduction in SOD2.

Although changes in gene expression caused by contaminant exposure relates to the onset of
toxicity, basing determinations of toxicity solely on gene expression data from exposures at or past lethd
concentrations may lead to false conclusions of lower toxicity. Further tests varying exposure period and
with lower concentrations will determine how well effectsin long-term (e.g., 28 d) exposures relate to
effects seen on gene expression in short-term exposures.
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5.b.2. UNPUBLISHED STUDY 2: Application of Population Modding to Evauate the
Ecologica Relevance of Toxicologica Effects. Todd Bridges

I ntroduction

ASSESSING RISK TO POPULATIONS:

Assessng risks to abundant species commonly involves collecting data on toxicology effects on
individua organisms and qualitatively extrapolating those effects to impacts on populations or
communities of organismsin nature. An extrgpolation is necessary because the primary focus of
concern in ecologica risk assessment isthe viability of populations rather than the vitdity of an individua
organism within a population (Bridges et al., 1996). Within the context of sediment risk assessments
toxicity tests are used to assess the hazard posed by sediment. Individua organisms are exposed to the
sediment of concern and individua responsesin surviva, growth and reproduction are observed.
During the coarse of this project we have developed molecular methods for ng toxicity in
individuad organisms to provide more specific information about the effects observed in lesstime than
can be achieved using current approaches with bioassays and whole organisms. However, using ether
molecular or whole organism responses to a contaminant stress to reach conclusions about risk requires
developing alogic that relates these responses to population viability. To provide a more robust means
of linking measures of toxicity with population-level impacts we developed population models for
experimental organisms used in our study.

USE OF MATRIX POPULATION MODELS:

Matrix models have been commonly applied in the field of ecology to describe population
dynamics for more than 25 years (Caswell, 1989). Specificaly, these modeds are gpplied for population
projection when surviva rates and birth rates are thought to depend on age or developmentd stage.
Using matrix modd s the population a any time-step is represented as a vector of age- pecific or sage-
Specific population sizes. Multiplying this vector by the trangtion matrix yields the population Sze a the
next time-step. Thisis shown in equation 1 (gppendix B) for a generd age-based trangition matrix with
atotd of m age classes, where n(t) refersto the number of individuadsin age-classi at timet, F
represents the fecundity, or birth-rate, of individudsin age-classi, and S refersto the surviva rate of
individudsin age-classi. Thewidth of each age-class, except the last (the ni" age-dass), is equa to
onetime-step. For example, if we use one-week age classes (0-1 weeks, 1-2 weeks, €tc.), then
multiplication by the trangition matrix would represent a change in the population over one week in time.

Thelast age-classis known as a composite class, defined as dl individuas older than a certain age.

After severd gpplications of the trangtion matrix, the population approaches a stable age
digribution, in which the proportion of individuas in each age-class remains constant between
successve time-steps. At this point, the population grows (or declines) exponentidly at arate
determined by the largest eigen-vaue of the matrix, as shown in equation 2 (appendix B).
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In this equation, N, represents the total population Size at timet, and | (lambda) represents the largest
eigen-vaue of the trangtion matrix. Lambda, dso referred to as the finite rate of increase, is generaly
congdered an gppropriate summary statistic from which to infer the relative status of a population. At
the stable age digtribution, if lambdais greeter than one, the population will increase exponentidly,
wheress if lambdais less than one, the population will experience exponentid decline to extinction. The
magor criticism of the use of lambda as ameasure of population growth isthat naturd populations are
rarely observed to be at the stable age digtribution for a measured trangtion matrix. Thisis often dueto
the fact that the surviva rates and fecundities, which comprise the matrix, do not remain constant
through time. However, relative vaues of lambda and the change in lambda can be very useful in
summarizing the effects of a particular factor on population growth.

M aterials and Methods

APPLICATION TO Leptocheirus:

We gpplied matrix population modeling to Leptocheirus using effects data collected following
exposure to three dilutions of Black Rock Harbor sediment (BRH) (e.g., Bridges and Farrar, 1997).
Toxicity was measured in each of the three dilutions of BRH under two food rations to evauate
nutritiona effects on toxicity. Three different BRH concentrations were used (0%, 3%, and 6% BRH)
and two levels of food ration were applied (normd food ration, 1x; and double the normal food ration,
2x). Surviva and reproductive responses were measured in these Six treatments (0%- 1x, 0%-2X, 3%-
1x, 3%-2x, 6%-1x, and 6%-2x) over a period of 30 weeks (Figure 5.b.2.A). These datawere then
used to parameterize an age- classified matrix population mode for Leptocheirus.

Survival:

The survival rate of age class x individuds is defined as the probability of an individud in age
class x reaching age class x+1 after one time unit has passed. Since the animals in the experiments were
within one week of each other in age, the best estimate we have of this probability (where the time unit
is defined as one week) is the number of individuas counted a week x+1 divided by the number of
individuals counted at week x. We congdered using the birth-flow formula (Caswell, 1989), but one
necessary eement of that formulais [(x), or the probakility of surviving from birth to exact age x. Since
we did not have animas that were exactly the same age (we cannot even say that they were within one
day in age, only that they were within one week in age), we could not reliably estimate | (x) for any age.
Therefore, we could not use the birth-flow formula, and instead estimated the surviva rate as described
above. Thisis characterized in equation 3 (appendix B). In this equation, count(x) smply refersto the
number of individuas counted at week x. Age class x isdefined asindividuas between x and x+1
weeks old.
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Fecundity:

The fecundity of age-class x individuds, f,, is defined as the number of age class O individuals
divea timet+1 per ageclassx individud & timet. Again, we could not use the birth-flow formulas
snce we did not have reliable estimates of |(x) (nether did we have rdigble estimates of m(x), or the
expected number of offspring per time unit of individuas aged x) since we did not have data.on
individuas of exactly the same age. Thus we calculated f, as the number of offspring counted at week
x+1 divided by the number of individuas counted at week x. Thisis characterized in equation 4

(appendix B).

Age classwidth and degree of compositing:

In defining the trangtion matrix, we used one-week age classes and thus a one-week time step.
We pooled individuas aged nineteen weeks and older, for atota of twenty age classes. The surviva
rate of the composite age class was ca culated as the weighted average of the week-specific surviva
rates of the age-classes comprising the composte class, weighted by the number of individuasin each
ageclass. Smilarly, the fecundity of the composite class was caculated as the weighted average of the
week-gpecific fecundities of the classes comprising the composite class.

Calculating contributions:

After defining transition matrices for the Sx different trestments, we designated one trestment as
the control and one trestment as the experimenta for nine combinations of control and experimentd.
The change in lambda is defined as lambda for the experimenta trestment minus lambdafor the control
treatment (see gppendix B, equation 5). For each combination of experimenta and control there was an
expected direction of change of lambda, depending on which factor was varied.

The change in lambda can be broken down, or decomposed, into the sum of contributions from
the surviva rates and fecundities, by use of equation 6 (appendix B; Caswell, 1989). The partid
derivative of lambda with respect to a given vitd rate is evauated a the arithmetic mean of the control
matrix and experimental matrix. Each dement in the summation is then the absolute change in agiven
vital rate multiplied by the partid derivetive of lambda with respect to thet vitdl rate, which is
goproximatey how much of the change in lambda is due to the changein that vitd rate. We will refer to
this as the contribution by thet vita rate (theij™ vital rate) to the change in lambda. Note that thisis a
firg-order, and thus alocal gpproximation; for large changes in lambda, the gpproximation islikely to
break down.
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Significance tests:

An ANOVA was performed, using SPSS software, to test for the effects of each factor on
lambda and their interaction. However, to test for significance of the contribution of each matrix
element, an ANOVA could not be employed because two treatments must be designated in order to
define any given contribution. Thus for each combination of control and experimenta trestments,
bootstrapping was performed to test for the sgnificance of the contribution of each vitd rate. Thiswas
done by randomly sdlecting (with replacement) six replicates from the six replicates of both the control
and experimentd treatment, caculating the contribution of each vitd rate, and comparing this sampled
contribution with zero. We are comparing with zero because the null hypothesisisthat thereis no
contribution for any given vitd rate, i.e. that the contribution is zero. The test for Significance was one-
talled, since we had a priori reasonsto believe that the change in lambda should be in a particular
direction. For example, when the experimenta treatment had more sediment than the control, we had
reason to believe that lambda would decrease, smply because the sediment is known to contain
pollutants. On the other hand, when the experimenta trestment had more food than the control, lambda
was expected to increase.

Results and Discussion

From Table 5.b.2.A one can see that increasing sediment concentration decreased lambda,
while increasing food ration increased lambda, as expected. Analysis of variance reveded that there
was a highly significant effect of sediment concentration on lambda (p<0.001), while food ration had a
margindly significant effect on lambda (p=0.036), and the interaction between food and sediment was
non-sgnificant. From this gatigticd andyss, we can conclude that BRH had a significant adverse effect
on the population growth of Leptocheirus.

Asthere were six different treatments applied in the lab to Leptocheirus, we were able to
define severd control/experimenta treatment combinations. For each combination, only one of the two
factorswas varied. The combinations and the change in lambda for each are shown in Table 4.

From Table 5.b.2.B one can see that the change in lambda was aways in the expected
direction: when BRH concentration was increased, lambda decreased, and when food ration was
increased, lambda increased. These results would be expected primarily because the sediment was
consdered toxic and an increase in food ration will cause an increase in the rate of population growth.



26

DECOMPOSING THE CHANGE IN LAMBDA FOR Leptocheirus:

As dated earlier, an andysis of variance reveded that sediment had a highly significant effect on
lambda (p<0.001), and food had a margindly sgnificant effect on lambda (p=0.036). The next
question is whether this change in lambda is due to changesin surviva rates or fecundities or both, and
which vitd ratesin particular caused lambdato change the most. To address these questions, the
change in lambda was decomposed into contributions from the various surviva rates and fecundities for
each control/trestment combination. For example, consider the combination where the control treatment
is 0%-1x, i.e. 0% BRH sediment (control sediment) and normd food ration, and the experimenta
treatment is 6%- 1x, or 6% sediment and normal food ration. Since there was an increase in BRH
concentration, but food was held constant, we expected lambda to decrease, which isin fact what
occurred: lambda decreased from 1.543 down to 1.322, for achange in lambda of -0.221. Figures
5.b.2.B and 5.b.2.C show that the largest (negative) contributions to the change in lambda for this
combination came from the surviva rate of individuas gpproximately one week old and the fecundity of
individuas approximately five weeks old (both affected a change in lambda of approximately -0.045).

SUMMARY OF RESULTS:

The largest contributions to the change in lambda for Leptocheirus were generdly due to
changesin surviva rates of age classes 1 through 3 and fecundities of age classes 4 through 8. Indll
cases, the overdl change in lambda was in the expected direction; when sediment concentration was
increased from control to experimenta, lambda decreased; when food was increased from control to
experimentd, lambdaincreased. The largest contributions (in the expected direction) were generaly
datigticaly sgnificant (statistical significance of contributions was checked by bootstrapping), and
severd smdler contributions, from older age classes, so proved to be Satigtically sgnificant.

These experimenta results suggest that the 28-day duration of the Leptocheirus chronic
sediment toxicity test should be sufficient to capture effects on surviva and reproduction with the
greatest influence on population growth. The decomposition andyss has shown that the main effects on
Leptocheirus population growth come early in life, through effects on the surviva (between one and
four weeks old) and reproductive (between four and nine weeks old) rates of young individuals.

RISK APPLICATIONS:

Populations models and decomposition anayses provide a mechanism for relaing effects
observed a the sub or whole organism level to potential impact on populations. Such tools are critical
to the process of evaluating the ecological relevance of toxicity dataand to developing regulatory
acceptance for the use of sub or whole organism toxicity resultsin ecological risk assessment.
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5.b.3. UNPUBLISHED STUDY 3: Comparative and mixture toxicity of TNT and TNT
daughter compounds to a freshwater midge in aqueous exposures. Gui Lotufo.

INTRODUCTION

Nitroaromatic compounds are commonly found in the environment (e.g., soil, sediment, ground
water) as complex mixtures. TNT is one the most widdy used munitionsin the world. Because of its
toxicity to plants, microbes and animas, contamination of soils and sedimentsby TNT posesa
potentialy serious environmenta and public hedlth problem around military facilities. In addition, TNT
typicaly co-occurs with its transformation products as a result of multiple chemica and biologica
transformations in water, soil and sediments. Degradation products of TNT are formed through
reduction and oxidation pathways. Reduction of TNT occurs through amination of the nitro groups on
the ring, initialy forming aminodinitrotoluenes (2- or 4ANDT), and subsequently diaminonitrotoluene
(2,4- or 2,6DANT) and lastly triaminonitrotol uenes. Photooxidation of TNT forms
trinitrobenzol dehyde. Subsequent decarboxylation occurs under aerobic conditions and resultsin the
formation of trinitrobenzene (TNB). In addition, TNB has been manufactured as an explosive and for
other military gpplications. Individua nitroaromatic compounds may not be present at concentrations
that result in adverse biologica effects. However, joint exposure to the components of a nitroaromatic
mixture may result in adverse toxicologica effects. Compoundsin amixture may interact additively,
independently, synergisticaly, or antagonistically. The current research is being conducted to compare
sngle-compound toxicity and evauate the nature of chemical interactions of TNT and representatives of
its daughter compounds in agueous exposUres.

MATERIALSAND METHODS
Experimental organisms

Chironomus tentans were obtained as egg masses from Environmental Consulting and Testing
(Superior, WI). Upon arriva to the laboratory, egg masses were placed in plastic tote tubs containing
dechlorinated water and athin layer of sand. Fish food flakes (Tetrafin®, Tetra Sales) were added
daily. Larvaewerereared for 10 or 11 days after hatching to the third instar based on a head capsule
width ranging from 0.33 to 0.45 mm (USEPA, 2000).

Chemicals

The following compounds were used in the experiments: 2,4,6-trinitrotoluene (TNT), 1,35
trinitrobenzene (TNB), 2-amino-4, 6-dinitrotoluene (2ADNT), and 2,4-diamino- 6- nitrotoluene
(24DANT). TNT was purchased from Chem Service (Westchester, PA), TNB was purchased from
Supdco (Bdleforte, PA), 2ADNT and 2,4DANT were purchased from SRI Internationa (Menlo
Park, CA). Purity was >98% for all compounds.
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Agueous toxicity experiments

Thetoxicity of TNT, TNB, 2ADNT and 24DANT was determined in 10-d Sngle-compound
exposures to agueous solutions. Five concentrations, selected using results from range-finding
experiments, were used for each compound (Table 5.b.3.A). Thetoxicity of amixture of TNT, TNB,
2ADNT and 24DANT was dso examined in 10-d exposures to agueous solutions. Mixture treatments
conssted of five equimolar mixtures of al nitroaromatic compounds (Table 5.b.3.B). Therefore, the
target concentration of each individua compound in the mixture was one-fifth the target sum
concentration (Table 5.b.3.B).

Nitroaromatic compounds dissolved in acetone were added to dechlorinated tap water (1.6 ml
acetone /L) for preparing aqueous exposure solutions. Exposure chambers were 300-ml beskersfilled
with 250 ml of exposure solution and 5 g of quartz sand as a substrate for tube building by the midges.
Each beaker received 10 larval midges. Four replicates were used for each treatment. Beskers were
placed in awater bath at 23°C and received trickle flow aeration under gold fluorescent lights at a 16:h-
8h light:dark cycle. Approximately 95% of the exposure solution from each beaker was renewed every
24 h and food was provided every day as 6 mg of TetraFin. Fresh agueous solutions were prepared
before each water exchange. Aqueous solutions were sampled on days 0 and 6 of the experiment.
Exposure water was sampled from one beaker per treatment before water exchange on days 1 and 7 of
the experiment for assessng compound volatilization and degradation following the 24-h period
preceding each exposure solution exchange event. Temperature and dissolved oxygen were monitored
throughout the ten-day exposure period. Hardness, dkalinity, and ammonia concentration were
measured using commercidly available kits (LaMotte, Charleston, SC) at initiation and completion of
the experiments. Temperature and dissolved oxygen were monitored throughout the ten-day exposure
period. Water quaity parameters including hardness, dkalinity, and anmoniawere dso measured using
acommercidly available kit from Lamotte (Chestertown, MD) at the initiation and completion of the
exposures. Water quaity parameters were within acceptable limits throughout the experiment: dissolved
oxygen (6.5-6.9 mg/l), pH (7.4-7.6), anmonia (< 3 mg/L), hardness (100- 108 ppm CaCOs), dkdinity
(104-116 ppm CaCOs). At experiment termination, al midges from each besker were rinsed with
water, blotted dry, weighed, and frozen at —80°C for chemicd andysis of nitroaromatic compoundsin
tissues. Therefore, biomass, expressed as wet weight, was determined for the pool of midges
recovered from each exposure beaker.

Chemical analysis

Water samples. Aqueous samples were analyzed for TNT and its daughter
compounds animodinitrotuenes (2ADNT and 4ADNT) and diaminonitrotoluenes (24DANT and
2,6DANTS) usng amodified verson of U.S.EPA method 8330. Chemicad analysisfor TNT and
degradation products in water was conducted using an Agilent 1100 HPLC (Palo Alto, CA, USA)
equipped with adiode-array detector (USEPA 1997). The column used was a SUPELCO RP-Amide
C-16 with asample injection volume of 100 pL and flow rate of 1 mi/min. Solvent ratios were 45%
water and 55% methanol and UV absorbance was measured at 230 nm. Laboratory reporting limits
for the andysis of water samples using this method are 0.1 ppm for TNT, TNB, 2ADNT, 4ADNT, and
2ADANT.
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Tissue samples. To ensure sufficient biomass for solvent extraction, replicate samples from
each treatment were combined and transferred to polypropylene bead- beater vids. Sample mass
ranged from 60 to 270 mg wet wt. Each vid received 100 mg of 0.5-mm glass beads and 0.75 ml of
HPL C grade acetonitrile. Samples were homogenized on amini beadbeater (Biospec, Barttlesville,

OK) for 100 sec at 4200 oscillations/min and placed onice. Samplesreceived 0.75 ml of 1% CaCl,
and were sonicated (Branson 3200, Branson Ultrasonics, Danbury, CT) for 1 h at 18°C in awater bath
(Nedab RTE-111, Nedab Instruments, Newington, NY'). Samples were centrifuged for 10 min a 7500
x g a 4°C. The supernatants were filtered through 0.45 um PTFE syringe filters (Ndge Nunc,
Rochegter, NY) into amber sample vials. Anaytes were isolated and identified as described for water
samples.

Calculations and statistical analysis

All measurement vaues are expressed as a mean + 1 standard deviation. Completely
randomized one-way andysis of variance was used to compare surviva and growth data. William'stest
was used for comparing trestment means with control means. Significance level (a) was set at 0.05.
Surviva data were transformed by arcsine-square-root before anadysis. Median letha concentration
(LC50) values were cdculated using the trimmed Spearman-Karber method.

For each mixture treatment, the toxic unit for each compound in the mixture was cd culated by
dividing its concentration by the L C50 derived from the single-compound exposure conducted
concomitantly with the mixture experiment. For each mixture treatment, tota toxic units (STU) were
caculated as the sum of the individual compounds toxic units.

RESULTS
Exposure water concentrations

Substantial degradation of TNT and TNB occurred during the 24-h between exposure water
exchanges (Table 5.0.3.A). TNT degraded mostly to 4ADNT but DANTs were aso detected; the
fraction of breskdown products relative to the sum molar concentration of al compounds was high
across treatments. TNB degraded to 1-amino-3,5- dinitrobenzene (ADNB); the degree of degradation
decreased with increasing target concentration. The breakdown product 2,4DANT was aso found in
the 2ADNT agueous solutions, but the degree of degradation was lower than those observed for TNT
and TNB. Determination of sum molar concentration for all compounds detected in the exposure
solution during the period between water exchanges adlowed the calculation of the percent loss of
compound over 24-h periods. Compound losses were greater in the TNT and TNB experiments and
lowest for the 24DANT experiments. Mean water concentrations for each treatment (Table 5.b.3.A)
were the mean for the average sum molar concentration of al quantifiable compounds measured before
and after water exchanges at days 0-1 and 6-7. Mean water concentrations were typicaly lower than
target concentration, with differences being greater for compounds with the highest percent loss
between water exchange events (Table 5.b.3.A).
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Comparative Toxicity

Survival was high in the control (95:10%) and tended to decrease with increasing concentrations for all
nitroaromatic compounds (Fig. 5.b.3.A). Aminated compounds (2ADNT and 24DANT) were less
toxic than non-aminated compounds (TNT and TNB), as indicated by the L C50 calculated for each
compound (Table 5.b.3.C). Midges were substantialy more tolerant to the most aminated compound
(2,4DANT) than to any other compound, as the range of lethal concentrations was over one order of
magnitude higher for 24DANT than for the other compounds (Fig. 5.b.3.A). The relaive toxicity of
nitroaromatic compounds in relation to the toxicity of TNT, asindicated by the ratio between their
LC50swas 1:1.2 for TNB, 1:2 for 2ADNT, 1:24 for 24DANT. Sgnificant reductions in growth were
observed for TNT, 2ADNT, 24DANT (Fig. 5.b.3.A). Decreases in growth occurred at concentrations
where surviva was not significantly, and therefore, such decreases were not sublethal responses to
agueous exposures to nitroaromatics.

Mixture interaction

The sum molar LC50 for the mixture exposure was 15.1 umol/L, therefore within the range of
the LC50 for the single compounds excluding 24DANT. Surviva decreased with increasing STU (Fig.
5.b.3.B), with ggnificant mortality occurring a STU of 1.5 and higher. The sum toxic units for each
trestment and the surviva data were used in the caculation of asum toxic unit LC50, which is expected
to equa 1 when the compounds in the mixture interact in an additive manner, i.e., without decreasing
(antagonism) or enhancing (synergism) the overdl response. The sum toxic unit LC50 was 0.95 (95%
Cl = 0.80 — 1.13) for the nitroaromatic mixture, srongly suggesting response additivity of mixtures of
nitroaromatic compounds.

Bioaccumulation and critical body residues

Nitroaromatic compounds were detected in solvent extracts of live midges from al experiments,
except TNB, and body residues for those treatments with (Table 5.b.3.D). Organisms exposed to
TNT accumulated ADNTS; those exposed to 2ADNT accumulated mostly the parent compound but
aso some 2,4ADANT. The relationships between body residues, expressed as the sum molar
concentrations of nitroaromatic compounds, and significant effectsin surviva are presented in Table
5.b.3.D and Fig. 5.b.3.C. Across compounds, critical body residues ranged from 4.8 to 111.3 pumol/kg
and appeared to be lower for exposuresto 2ADNT and TNT and highest for exposure to 2,4DANT.
Bioconcentration factors were calculated as the ratio between the sum molar concentretionsin the tissue
at exposure concentration to the mean water concentration for each trestment (Table 5.0.3.D). Overal,
BCF values were highest for mixture trestments and lowest for 24DANT (Fig. 5.0.3.D).
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DISCUSSION

In this investigation we compared the relative toxicity of TNT and three of its breakdown
products to a freshwater invertebrate. TNB were Smilarly toxic to TNT. Nitro-reduction subgtantidly
decreases the toxicity of TNT, asthe LC50 for the mono-aminated compound 2ADNT was higher than
that for TNT by afactor of 2.2. Further amination appears to decrease toxicity even more dramaticaly,
asthe LC50 for the di-aminated breakdown product 24DANT was 24 times higher than that for TNT
(Table 5.b.3.C). In acompardtive toxicity study conducted in our laboratory (Houston and Steevens,
unpublished), the agueous toxicity of TNT and its breakdown products were compared using the
freshwater amphipod Hyalella azteca. Asobserved with C. tentans, TNT, TNB and 2ADNT were
smilarly toxic to the amphipod and the LC50 vaues for these compounds (16, 6.7, and 19.4 umol/L,
respectively) were remarkably smilar to those derived for C. tentans. However, 24DANT was more
toxic than TNT for H. azteca, asindicated by its LC50 (11 umoal/L), avaue substantialy lower than the
24ADANT LCH0 for C. tentans. In acomparative study with the cladoceran Ceriodaphnia dubia,
Griedt et al. (1998), ayet different pattern of relative toxicity was reported. For C. dubia, both
2,ADANT (LC50 = 0.14 pmol/L) and TNB (LC50 = 3.8 umoal/L) were substantialy more toxic than
TNT (LC50 > 26 umol/L) whereas 2ADNT (LC50 = 25 pmol/L) was smilarly toxic to TNT.
Therefore, whereas the toxicity of TNT was smilar for the three species of invertebrates discussed
above, therdative toxicity TNT breakdown products among themselves and relativeto TNT isclearly
species-specific. Interacting chemicas result in toxicologica effects or responses that are difficult to
predict based upon single chemica toxicologica data. These interactions are defined as additive
(summation of toxic responses from multiple chemicasin proportion to the concentration of each
chemica in the mixture; each chemica contributes to the resulting response or effect without modifying
the mechanism or effect of other chemicdsin the mixture), synergidtic (toxic response is greeter than
would be predicted by additivity; chemicas enhance the toxicologica effect of other chemicas) or
antagonigtic (toxic response is less than would be predicted by additivity; chemicas decrease the
toxicologica effect of other chemicals). Results from thisinvestigation clearly demondrate that TNT
and its daughter compounds interact additively when in amixture. Therefore, the toxicity of amixture to
agiven receptor can be reasonably predicted using single-compound toxicity derived for that receptor.
However, comprehengve explosve compounds toxicity data sets are not available for aguatic
receptors. Although aquatic species gppear to be smilarly sendtiveto TNT in aqueous exposures,
toxicity to TNT breakdown products should be considered highly species-specific and generation of
receptor-specific toxicity data for risk assessment is recommended.
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5.b.4. UNPUBLISHED STUDY 4: Compardtive and mixture toxicity of sediment-associated
TNT and TNT daughter compounds to a freshwater midge. Gui Lotufo.

INTRODUCTION

TNT typicdly undergo breskdown when associated with soils and sediments, either in
laboratory (Lotufo et al. 2001; Steevens et al. 2002, see gppendix A)) or field conditions (Rosser et
al. 2001). Therefore, TNT and its daughter compounds are commonly found in the environment as
complex mixtures. Individua nitroaromatic compounds may not be present at concentrations that result
in adverse biological effects. However, joint exposure to the components of a nitroaromatic mixture may
result in adverse toxicologica effects. Compounds in amixture may interact additively, independently,
synergigicaly, or antagonisticaly. The current research is being conducted to compare the single-
compound toxicity and evauate the nature of chemica interaction of TNT and representatives of its
daughter compounds in sediment exposures.

MATERIALSAND METHODS
Experimental organisms

Chironomus tentans were obtained as egg masses from Environmental Consulting and Testing
(Superior, WI). Upon arriva to the laboratory, egg masses were placed in plastic tote tubs containing
dechlorinated water and athin layer of sand. Fish food flakes (Tetrafin®, Tetra Sdes) were added
daily. Larvaewerereared for 10 or 11 days after hatching to the third instar based on a head capsule
width ranging from 0.33 to 0.45 mm (USEPA, 2000).

Chemicals

The following compounds were used in the experiments. 2,4,6-trinitrotoluene (TNT), 1,35
trinitrobenzene (TNB), 2-amino-4,6-dinitrotoluene (2ADNT), and 2,4-diamino-6- nitrotoluene
(24DANT). TNT was purchased from Chem Service (Westchester, PA), TNB was purchased from
Supelco (Bellefonte, PA), 2ADNT and 24DANT were purchased from SRI International (Menlo
Park, CA). Purity was >98% for all compounds.



33

Comparative toxicity experiments

Thetoxicity of TNT, TNB, 2ADNT and 24DANT was determined in 10-d Sngle-compound
exposures to sediments spiked at different concentrations (Table 5.b.4.A). Nitroaromatic compounds
were dissolved in 5 ml of acetone for preparing spiking solutions.  Nitroaromatic compounds were
added to clean sediment (Browns Lake, Engineering Research and Development Center, Vicksourg,
MS, pre-seved < 300 um, solids content = 59%, total organic carbon 1.3%) by dowly adding dosing
solutions to homogenized sediment (350 g) with congtant mixing usng agtir platein 1-L glass beakers.
Control sediments received 5 ml of acetone. After mixing for 1 hour under gold fluorescent light, spiked
sediments were immediately added to exposure samples to avoid excessive degradation of the
toxicants. Each exposure chamber (300 ml tall beaker) received 75 g of sediment and 175 ml of
dechlorinated water. Four replicates were used for each treatment. Beakers were placed in awater
bath at 23°C and received trickle flow aeration under gold fluorescent lights at a 16:h-h light:dark cycle.
Overlying water in the beskers was renewed every 12 h using an Envrion Tox® flow through bioassay
diluter (Eadey, SC). Midges in each beaker were fed daily with 6 mg of TetraFin. Temperature and
dissolved oxygen were monitored throughout the ten-day exposure period. Hardness, dkdinity, and
ammonia concentration were measured using commercialy available kits (LaMotte, Charleston, SC) at
initiation and completion of the experiments. Experiments with al four compounds were conducted
smultaneously and shared asingle set of control beskers. At experiment termination, the overlying
water was removed avoiding disturbing the sediment, the sediment gently homogenized and
goproximately 5 g was removed for chemicad andyss. The remaining sediment was sieved to remove
al midges from each besker. Surviving midges were enumerated, rinsed with deionized water, blotted
dry, and weighed for wet biomass determination.

Mixtur e toxicity experiments

For assessment of mixture effects, a sum toxic unit (TU) approach was used (Marking, 1977).
Simple additivity of TNT and TNT daughter compounds was assumed as anull hypothesis. TheTU is
the ratio of the compound concentration and its LC50 when present done. The TU of amixtureis
caculated by summing the individua TU of al compoundsin the mixture.  Mixture trestments were
comprised of equipotent concentrations of TNT, TNB, 2ADNT and 24DANT targeting sum TU
(STU) for the mixture ranging between 0.25 and 3 (Table 5.b.4.B). The toxic unit approach was used
for defining the concentration of each compound in each treetment of the sediment mixture experiment.
Each treatment corresponded to atarget sum STU where each of 4 compounds was expected to
contribute 25% of the sum. Concentrations of single compounds in the sediment mixture trestment were
one-forth the product of the target STU and the compound LC50. As an example, the treatment
targeting asum TU of 1 was prepared by adding each compound at target concentration corresponding
to one-forth its LC50. Ten-day LC50 vaues cdculated for the comparative toxicity experiment using
expected sediment concentrations were used in the caculations of sngle compound concentrationsin
the mixtures trestments.
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Ten-day Ingle-compound sediment exposures were conducted Smultaneoudy with the mixture
experiment for dl individua nitroaromatic compounds used in the mixture (Table 5.b.4.C) to generate
gangle-compound L C50 for the calculation of measured TU for the mixture treetments. For the mixture
and sngle-compound experiments, experiment set-up and exposure conditions were as those described
for the comparative toxicity experiments. Sngle-compound and mixture experiments were conducted
smultaneoudy and shared asingle set of control beakers. At experiment termination, surviving midges
were enumerated, rinsed with delonized water, blotted dry, and weighed for wet biomass determination.

Chemical analysis

Spoiking solutions. To obtain an estimate of the total amount of compound spiked to each
sediment treatment, the total amount of compound in each dosing solution was estimated. A known
volume of each dosing solution was diluted in acetonitrile to create solutions ranging from 5 to 30 pg/ml.
Each diluted solution was further diluted in nanopure water (50:50, viv). Andytesin the diluted dosing
solutions were isolated and quantified and separated and by HPLC. The column used was a
SUPEL CO RP-Amide C-16 injecting samples a aflow rate of 1 ml/min with a 45% water 55%
methanol solvent and UV absorbance measured a 254 and 230 nm.

Sediment. Sediment samples (5 g, wet weight) were vigoroudy mixed with 10 ml of acetonitrile
and sonicated for 18 h (Branson 3200, Branson Ultrasonics, Danbury, CT) at 18°C in awater bath
(Nedab RTE-111, Nedab Instruments, Newington, NY'). The sediment was not air-dried before
extraction because this procedure has been demonstrated to decrease the solvent-extractability of TNT
and its daughter compounds (L otufo, umplublished). Five ml of the extractant was recovered, filtered
through PTFE syringe filters (Nalge Nunc, Rochester, NY) and an equa volume of water. Analytesin
the extract were separated and quantified as described above. Sediment moisture content was
determined by the weight ratio of wet and oven dried (55°C) triplicate samples.

Calculations and statistical analysis

All measurement values are expressed as a mean + 1 sandard deviation. Completely
randomized one-way andysis of variance was used to compare surviva and growth data. William' s test
was used for comparing treatment means with control means. Significance level () was st at 0.05.
Survival data were transformed by arcsine-square-root before analyss. Median letha concentration
(LCS0) vaues were caculated using the trimmed Spearman Karber method.

For each mixture trestment, the toxic unit for each compound in the mixture was ca culated by
dividing its concentration by the LC50 derived from the single-compound exposure conducted
concomitantly with the mixture experiment. For each mixture trestment, total toxic units (STU) were
cdculated as the sum of the individua compounds toxic units. Ten-d LC50 vaues, expressed as TU,
were calculated using the STU from each treatment and survival data from individud replicates.
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RESULTS
Comparative toxidty experiments

Expected concentrations in spiked sediments (Table 5.b.4.A) were cdculated by dividing the
tota amount of compound spiked, estimated from the chemica analysis of dosing solutions by the
sediment estimated dry weight. Expected concentrations approximated the target concentrationsin al
experiments. Measured sediment concentrations (Table 5.b.4.A) were determined by chemicd andyss
of solvent extracts of sediment samples taken immediately following spiking and mixing.

Measured initia concentrations of al compounds were typicaly lower than expected
concentrations (Table 5.b.4.A), this was most pronounced for the lower treatments. This difference
indicates that a fraction of the spiked compound resisted solvent extraction, likely due to transformation
to reactive compounds that covaently bound to sediment organic matter.

TNT spiked to sediment degraded to aminated breakdown products during mixing, mostly
2ADNT (Table 5.b.4.A), with most breakdown occurring at the lowest treatment. Smilarly, mogt of the
spiked TNB was recovered as 1-amino- 3, 5-dinitrobenzene (ADNB), aso caled 3,5-dinitroaniline,
following mixing, with the degree of degradation decreasing with increasing concentration (Table
5.b.4.A). The recovery of spiked 24DANT was very low. No breakdown of 2ADNT was detected
in spiked sediments.

For al compounds, concentrations measured at exposure termination were substantialy lower
than initid measured concentrations (Table 5.b.4.D), with amore pronounced decrease in
concentrations occurring in TNB- and 2,4DANT-spiked sediments. For TNT-spiked sediments, the
dominant compound in the 10-d sediment was 4ADNT, and for TNB-spiked sediments, the parent was
not detected.

Mean surviva was high in the control (78+10%) and tended to decrease with increasing
concentrations for al nitroaromatic compounds (Fig. 5.b.4.A). Point estimates were caculated as 10-
d LC50 vaues (Table 5.b.4.E) usng sum molar concentration of al compounds as measured after
gpiking and mixing. LC50 vaues were very similar for the TNT, 2ADNT, and 24DANT experiments.
The LC50 for the TNB experiment was approximately twice that caculated for TNT. For dl
nitroaromatic compounds, growth typicaly did not decrease or increase sgnificantly in exposuresto
nitroaromatic compounds (Fig. 5.b.4.B); sgnificant increasessin individua biomass were observed in
one TNT and one TNB treatment where surviva sgnificantly decreased (Fig. 5.b.4.B).

Mixture toxicity experiments

For all experiments, expected concentrations approximated the targeted concentrations. As
observed in the comparative toxicity experiments, measured sediment concentrations (Table 5.b.4.C)
were lower than the expected concentrations. Smilar to the comparative toxicity experiments,
degradation of TNT and TNB was more pronounced in lower trestments. However, in the
comparative toxicity experiments, formation of diaminotrinitrotoluenes occurred in 2ADNT-spiked
sediments. Asin single-compound experiments, measured concentrations of the mixture treatments
were lower than the expected concentrations (Table 5.b.4.C). Because of degradation of spiked TNT
and TNB, two compounds (4ADNT and ADNB), not present in the suite of compounds added to the
sediment, were detected in the mixture sediments following mixing (Table 5.b.4.C).
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In the Sngle-compound experiments, mean mortality was low in the control (5%) and tended to
increase with increasing concentrations for al nitroarometic compounds (Fig. 5.b.4.A). Ten-d LC50
vaues were caculated usng sum molar concentration of al compounds as measured after spiking and
mixing (Table 5.b.4.E). Inthis set of experiments, the most acutely toxic compound was 2ADNT,
followed by TNT, TNB and 24DANT (Table 5.b.4.E). Compared to vaues caculated in the
comparative toxicity experiments, the LC50 valuesfor TNT were very Smilar in both experiments,
whereas the LC50 vaues for 2ADNT and TNB were lower in the mixture experiment, and the LC50
vaue for 24DANT was higher in the mixture experiment. For al nitroaromatic compounds, significant
increasesin individua biomass were observed in most treetments where survivad was sgnificantly
decreased (Fig. 5.b.4.B).

Nominal concentrations of nitroaromatic compounds for each mixture treatment were targeted
to yied equa nomina toxic units (or equa potency) for each compound (Table 5.b.4.F) and were
determined using L C50 values derived the comparative toxicity experiments. For each compound in the
mixture, measured toxic units were calculated usng measured initia concentrationsin the sediment and
angle-compound L C50s derived from exposures conducted concomitantly with the mixture exposures
(Table 5.b.4.F). Because single-compound experiments were not performed for 4ADNT and ADNB
(which appeared in the sediment due to the breakdown of TNT and TNB, respectively), the TU for
AADNT and ADNB were determined using the LC50 vaue caculated for 2ADNT and TNB,
respectively. Overall, measured STUs were higher than nomina STUs. Overdl, ADNTS TUs
contributed the most to the STU in the mixture treetments, followed by DANTsand ADNB (Table
5.b.4.F). Survivd decreased with increasng STU (Fig. 5.b.4.C), with Sgnificant mortaity occurring a
STU of 0.78 and higher (Table 5.b.4.F). The sum toxic units for each trestment and the surviva data
were used in the calculation of a sum toxic unit LC50, which is expected to equa 1 when the
compounds in the mixture interact in an additive manner, i.e., without decreasing (antagonism) or
enhancing (synergism) the response of one another. The sum toxic unit LC50 was 1.15 (95% CI =
0.97-1.37) for the mixture. Because the LC50 vaue was only dightly higher then 1 and the 95% CI
encompassed 1, response additivity likely occursin sediment mixtures of TNT and its daughter
compounds.

DISCUSSION

Derivation of accurate dose-response relationships usng measured concentrations of TNT and
its degradation productsis chalenging because of the rapid decrease in the concentration of solvent-
extractable compounds. Because of rgpidly changing exposure concentrations, the actud sediment
concentration during the period when most mortaity occurred was not determined in this study. Toxicity
comparisons using concentrations measured at experiment set up, as provided in this study, assumes
that the relative concentration decrease during the exposure period is smilar to al compounds.
Toxicity, summarized by 10-d LC50 vaues, was Smilar for a given compound between the two
experiments and among al four compounds in a given experiment (Table 5.b.4.C), with differences
never exceeding afactor of 3.
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The sediment toxicity of TNT, TNB, and 24DANT to the midge C. tentans was has been
previoudy studied (Steevens et al. 2002, see gppendix A) via spiking to sediment collected from the
same Site asthat used in thisstudy. In 10-d exposures to spiked sediments, TNT was more toxic than
the other two compounds used in that study, Smilar to the relaive toxicity observed in this study.
Although LC50 vaues were only reported for TNT because mortality in the high trestments did not
bracket the range necessary for the calculation of that endpoint, comparison of dose response
rel ationships suggest that mortdity occurred at lower nominal concentrations in the present study
compared to the study by Steevens et al. (2002).

Thetoxicity of TNT, TNB and 24DANT has dso been investigated in sediment exposures usng
marine and estuarine invertebrates (Green et d, 1999; Lotufo et al. 2001, see Appendix A). Although
the TNT exposure was investigated in an earlier study conducted in our laboratory, toxicity comparisons
among the three compounds are facilitated by the use of sediment from the same site, smilar spiking
procedures and smilar species and testing protocol. \When nomina concentrations are used for
sengitivity comparison for chronic effects on surviva, the amphipod Leptocheirus plumul osus was
subgtantially more sengtive to TNB than the polychaete Neanthes arenaceodentata but both species
were Smilarly sengtiveto TNT and 24DANT.

Interacting chemicas result in toxicologica effects or responses that are difficult to predict based
upon single chemicad toxicologica data. These interactions are defined as additive, synergigtic, or
antagonigtic. Results from this investigation suggest that TNT and its daughter compounds interact
datively when in amixture in sediment exposures. Therefore, the toxicity of a mixture to agiven
receptor can be reasonably predicted usng Sngle-compound toxicity derived for that receptor.
Moreover, comparative toxicity data suggest that TNT and its mgor breakdown products are smilarly
toxic to benthic invertebrates. Therefore, within this group of compounds, toxicity metrics determined
for one compound can be used to predict the effect of another with an uncertainty factor of
goproximately 3-fold.
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5.b.5. UNPUBLISHED STUDY 5: Toxicity of aheavy metd, PAH and nitroaromatic
compound mixture. Gui Lotufo.

INTRODUCTION

Chemica contaminantsin soil, sediment, or water are often present as a chemica mixture.
However, the risks associated with contaminants are often considered on an individua chemica basis
without congderation of chemica interactions affecting bicaccumulation and toxicity. Interacting
chemicals result in toxicological effects or responses that are difficult to predict based upon single
chemica toxicologica data. Theseinteractions are defined as additive (summation of toxic responses
from multiple chemicas in proportion to the concentration of each chemicd in the mixture; each
chemica contributes to the resulting response or effect without modifying the mechanism or effect of
other chemicasin the mixture), synergigtic (toxic response is greater thanwould be predicted by
additivity; chemicas enhance the toxicologicd effect of other chemicas) or antagonitic (toxic response
is less than would be predicted by additivity; chemicas decrease the toxicologica effect of other
chemicals).

Thereislimited information available regarding the interaction of ordinance and energetic (OE)
compounds with other contaminants such as metas, PCBs, PAHS, and pesticides. Current assumptions
incorporate a Sgnificant degree of uncertainty in the risk assessment process. This uncertainty ismainly
dueto alack of sound-scientific information. The proposed basic research functions as a sarting point
by which military relevant environmental mixtures can be more accurately assessed. By making more
accurate assessments we decrease the chance of overestimating or underestimating the effects of a
chemica mixture. An overestimation of the chemica hazards and risks will result in needless expense to
the military for cleanup or remediation of military compounds. Conversely, an underestimation of the
risks of military chemicas may result in significant and potentidly irreversible environmenta damage.

Thisinvestigation focuses on the interaction of an OE compound in amixture with chemicas
belonging to different classes of contaminants (i.e., a PAH and aheavy metd).

MATERIALSAND METHODS
Experimental organisms

The amphipod Hyalella azteca were cultured at the Engineering Research and Devel opment
Center, Vicksburg, MS with organisms originaly obtained from the USGS Biologica Resources
Divison, Environmental and Contaminants Research Center (Columbia, MO). Species identity has
been verified by a genetic differentiation study. Organisms were cultured in flow-through aged
dechlorinated tap water and fed flake food (agquatic ecosystems) and hard maple tree leaves. Juvenile
test organisms were collected by methods described by seving with stacked seves, a 600 mm on a 425
mm, and retaining organismsin the 425 nm seve. Juvenile organisms collected were estimated to be 10
to 12 days of age based on alength of 2.12 + 0.2 mm. Test organisms were acclimated to
experimenta conditions for 24 hours prior to initiation of al experiments.

Chemicals

The following compounds were used in the experiments: 1,3,5-trinitrobenzene (TNB) obtained
from Supelco (Bellefonte, PA) (TNB), phenanthrene (PHE) and lead chloride (PbCl,) obtained from
Aldrich (Milwaukee, WI). Purity was >98% for al compounds.
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Aqueous toxicity experiments

The mixture toxicity of TNB, PHE and lead was examined in 10-d exposures to agqueous
solutions. In addition, single compound toxicity was determined in concomitant 10-d exposures. Five
concentrations, salected using results from range-finding experiments, were used for each single
compound (Table 5.b.5.A). Mixture trestments conssted of five equitoxic mixtures of TNB, PHE and
lead targeting sum toxic units (STU) for the mixture ranging between 0.25 and 3 (Table 5.b.5.B). Each
treatment corresponded to atarget sum STU where each of 3 compounds was expected to contribute
with one-third of the sum. Concentrations of single compounds in the mixture treatment were one-third
the product of the target STU and the compound LC50. As an example, the treatment targeting a sum
TU of 1 was prepared by adding each compound at a target concentration corresponding to one-third
its LC50. Nomina 10-d LC50 vaues derived from preliminary experiments (Table 5.0.5.C) were used
for calculation of target concentrations in the mixture trestments.

TNB and phenanthrene were added to exposure solutions dissolved in acetone. The
concentration of acetone in al contaminant treatments and in the solvent control did not exceed 1.6
ml/L. A solvent control trestment was prepared using acetone only. Lead chloride solutions were
prepared by adding aliquots of a concentrated stock (5 mg/ml) to dechlorinated water. Non-spiked
dechlorinated water was used as a control for the lead experiment.

Exposure solutions were added to experimental chambers (300 ml tall beakers). Four
replicates were used for each treatment. Ten juvenile amphipods were counted into 50 ml beakers and
added to the exposure beakers. The exposure duration was 10 days. Two-thirds of the exposure water
was exchanged every day. Animaswerefed 0.5 ml of YCT (yeast-cerophyl-trout-chow) daly.
Beakers were maintained in awater bath at 23°C under a 16h:8h light:dark cycle, with no aeration.
Water qudity parameters (dissolved oxygen, pH, hardness, conductivity, ammonia) were measured
throughout the exposure. At termination of the exposure period, dl surviving amphipods were retrieved
from beskers and enumerated.

Calculations and statistical analysis

Completely randomized one-way andysis of variance was used to compare surviva and growth
data William’ stest was used for comparing trestment means with control means. Significance levd (@)
was set a 0.05. Survivd data were transformed by arcsine-square-root before andyss. Median lethd
concentration (L C50) vaues were caculated using the trimmed Spearman-Karber method. For each
mixture treetment, the toxic unit for each compound in the mixture was caculated by dividing its
concentration by the L C50 derived from the single-compound exposure conducted concomitantly with
the mixture experiment. For each mixture treatment, total toxic units (STU) were cadculated as the sum
of theindividua compoundstoxic units. Ten-d LC50 values, expressed as TU, were calculated usng
the STU from each trestment and surviva data from individud replicates.
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RESULTS
Aqueous Concentrations

Aqueous concentrations of TNB, phenanthrene and lead were measured in the stock aqueous
solutions at experiment initiation and in the water collected from exposure beskers a day 1 before
water renewd. For single compound exposures, measured concentrations were Smilar to nomind
concentrations for phenanthrene and lead but were approximately haf the nomind vauesfor TNB
(Table 5.b.5.A). Concentrations were also measured in the water collected from exposure beakers at
day 1 before water renewa. Consderable loss occurred between water renewas (Table 5.b.5.A); the
highest |osses were observed for phenanthrene.

Concentrations determined for aqueous solution stocks in the mixture exposure were Smilar to
nominal concentrations (Table 5.0.5.B). Compound loss over 24 h was highest for TNB and lowest for
lead.

Single-compound toxicity

In the definitive 9ngle-compound experiments, no mortality occurred in control beskers (Fig.
5b.5.A). Survivd tended to decline with increasing concentrations for al compounds (Fig. 5.b.5.A).
Ten-d LC50 vaues caculated for each compound (Table 5.b.5.C) indicate that lead was the most
potent compound and TNB was the least potent compound.

Mixture Toxicity

Nomina concentrations of nitroaromatic compounds for each mixture trestment were salected
to yied equa toxic units for each compound (Table 5.b.5.D) based on toxicity data from single-
compound exposures. For each mixture trestment, actua toxic units were caculated for each
compound using measured mean agueous concentrations in the mixture and single-compound L C50s
derived using measured water concentrations. Overdl, expected TUs were smilar to nomina TUs for
lead. However, actud toxic units were higher than nomind toxic units for phenanthrene and TNB.
Higher than expected TUs resulted from lower LC50 values for the mixture experiments compared to
those from the previous experiments (Table 5.b.5.C). Asaresult of higher TUs for most compounds,
actud sum TUs were dso higher than nomind sum TUs.

Mortdity increased with increasing sum toxic units in mixture exposures (Fig. 5.b.5.B). No
ggnificant mortdity occurred & sum TU as high 1.69 and significant mortdity occurred a 3.31 sum TU
and higher trestments. The sum toxic units for each trestment and the survival data were used in the
cdculation of asum toxic unit LC50, which is expected to equa 1 when the compounds in the mixture
interact in an additive manner, i.e., without decreasing (antagonism) or enhancing (Synergism) the
response of one another. The sum toxic unit LC50 was 3.6 (95% confidence interva = 3.1-4.1) for the
mixture. Because the LC50 vaue was substantialy higher then 1 and the 95% confidence interval did
not encompass 1, antagonistic interactions for the surviva endpoint likely occurred in agueous mixtures
of TNB, PHE and lead.
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DISCUSSION

This study suggests that the compounds TNB, phenanthrene and lead interact non-additively to
promote mortality when in amixture. Although results from the present sudy dearly indicate less-than
additive (i.e, antagonigtic) toxicological interaction, further investigation of the mixture interaction among
these compound is warranted before definitive conclusions about their mode of interaction are made.
Only toxicologicd studies usng mammas or microorganisms have focused on the interactions between
TNT and other chemicals. A study by Levine et al. (1990) focused on the toxicologica interaction
between TNT and RDX utilizing F344 rats. Results of the study demonstrated that RDX antagonized
the lethd effectsof TNT. Inadifferent sudy by Donnelly et al. (1998), the mutagenicity of the PAH
benzo(a)pyrene (BaP), pentachlorophenol, and TNT were investigated in three bacterid strains. In dl
three drains, TNT sgnificantly antagonized the mutagenicity of BaP. Both studies, in rats and bacteria,
observed antagonism of other chemicals with TNT. Results from this study support the finding of less-
than-additive effects observed in the present study. Therefore, assumptions of additivity in arisk
assessment may overestimate the toxic effects of a chemica mixture containing TNT.
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5.b.6. UNPUBLISHED STUDY 6: Toxicity and bioaccumulation of nitroaromatics and
cyclonitramines from Picatinny Lake (Picatinny Arsend, New Jersey). Gui Lotufo.

INTRODUCTION

Picatinny Arsend (PTA) islocated in northern New Jersey and was established in 1880. PTA
has been involved in the production of explosives, rocket and munitions propellants. Picatinny Lake has
received numerous wastewater discharges, including effluent from the explosives manufacturing
wadtewater trestment plant. A large suite of explosives was detected at high concentrations in sediment
samples from Site 40 in Picatinny Lake. Sediment from this location was used to investigate the toxicity
and bicaccumulation of sediment-associated explosive compounds and their breakdown productsin
benthic invertebrates. Highly contaminated Site 40 sediment was diluted with rdatively uncontaminated
Lake Picatinny sediment to produce adilution series. In addition, atoxicity experiment was conducted
using decreasing dilution concentrations of the porewater extracted from the contaminated sediment.
Results from these experiments were interpreted using single-compound sediment toxicity data
generated from spiked- sediment exposures.

MATERIALSAND METHODS
Picatinny Lake Sediment Collection

Contaminated and reference sediment were collected in the spring of 2001 from Picatinny Lake.
Sediments were collected from Site 40 |ocation 40SD-3 by Science Applications I nternationa
Corporation (SAIC) personnel. Sediment 40SD-3 was used as a source of contaminated sediment.
Lake Picatinny sediment with very low concentrations of ordnance compounds and asmilar
granulometric profile as sediment from station 40SD-3 was aso collected and used for seridly diluting
40SD-3 sediment. Thisreatively uncontaminated sediment was also used as reference sediment for the
toxicity and bioaccumulation experiments.

Control Sediment Collection

Sediment used as the performance control sediment was collected from Brown's Lake located
at the Engineer Research and Development Center in Vicksburg, MS.  Sediment was collected using a
hand shove (top 10 cm layer), placed in 5 gdlon plastic buckets and stored in a cold room a 5-6°C
until use. Brown's Lake sediment was mainly slty materid with 1.8% sand, 98.2% fines (clay and gilt),
and 0.65% total organic carbon. Concentrations of PAHS, heavy metals, and pesticides were either
below detection levels or at concentrations not associated with adverse effects to aguatic invertebrates.

Sediment Dilution Series Preparation

A dilution series (100, 50, 25, 12, 6, 3%) of the 40SD-3 sediment was prepared by vigoroudy
mixing the gppropriate volume of 100% 40SD- 3 sediment with a known volume of reference sediment
for 8 hours. Dilution concentrations were prepared on a dry weight bas's, though contaminated and
reference sediments were mixed wet.  Mixed sediments were held at 4 °C for 21 d. After this period,
sediments were dlowed to warm to room temperature and homogenized before use in the experiments.

Sediments aso were centrifuged at 5,000g for porewater extraction. Porewater samples were analyzed

for nitroaromatic and cyclonitramines within 48 hours from extraction.
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Porewater Dilution Series Preparation

Approximately 1 L of the 40SD-3 sediment was centrifuged at 5,000g for porewater
extraction. A dilution series (8, 6, 4, 3, 2, and 1%) of the stock porewater was prepared by mixing an
appropriate volume with dechlorinated water to creste afina volume of 0.5 L.

Experimental Organisms

Lumbriculus variegatus was used in the bioaccumulation experiment and H. azteca in the
toxicity experiment. Both organisms are cultured in the ERDC-EERT laboratory following standard
operating procedures.  Organisms are cultured in flow-through environmenta chambers and fed 3 times
weekly. Cultures were started using organisms origindly obtained from the U.S.Geologica Survey
(Columbia, MO). L. variegatus are cultured in 20 L aguaria containing soaked brown paper towels as
asubstrate and food source. H. azteca are cultured in 20 L aquaria containing plastic webbed coil
materid for asubstrate and fed flake food and soft maple leaves. Water quality parameters
(temperature, DO, pH) were determined weekly, and toxicant reference tests were conducted monthly.
A reference toxicant test was set-up concurrent to each test to evauate the hedlth of the test organisms
and suitability of the test conditions.

Sediment Bioaccumulation Experiment

The U.S.EPA (2000) Lumbriculus variegatus 28-day bioaccumulation test for sediments
(Test Method 100.3) was used, with modifications, to investigate bioaccumulation of contaminants from
Picatinny Lake dilution series sediments. Five replicates of each sediment treatment (control, reference,
40SD-3, 50, 25, 12, 6, and 3% dilution) were used. Tests were conducted under static conditionsin
300 ml glass beskers containing 100 g sediment and 150 ml of overlying water. At theinitiation of the
biocaccumulation test, 10 mature worms were added to each besker. Animals were not fed during the
experiment. Light aeration was provided to maintain dissolved oxygen concentrations. Temperature
was maintained at 23+ 1 °C and the light:dark photo cycle was 16:8 using white light. Water qudity
parameters (conductivity, hardness, pH, dkainity, ammonia, temperature and dissolved oxygen) were
measured a test initiation and termination. Temperature and DO were monitored daily. The intended
exposure period was 28 days, however, high mortdity in Ficatinny Lake sediment trestments resulted in
experiment termination after 4 days. At the end of the exposure period, test sediments were seved to
recover surviving worms, which were placed in glass culture bowls and enumerated.



Sediment Toxicity Experiment

The U.S.EPA (2000) Hyalella azteca 10-day surviva and growth test (Test Method 100.1)
was used to investigate the toxicity associated with Picatinny Lake dilution series sediments. Five
replicates were used for each treatment, including the reference sediment and the control sediment.
Toxicity tests were conducted utilizing a flow-through system. Water splitter chambers were placed
over the 300ml glass beakers and 2L of test water (dechlorinated tap water) was delivered to the
beakers every 12 hours. Each beaker contained 4.5 cm of homogenized sediment and 10 ten-day old
amphipods. Animaswere fed 1 ml (1.8 mg/ml) of YCT (mixture of yeast, cerophyll, and trout chow)
daly. Initid and find water quality parameters for dissolved oxygen (DO), pH, temperature, anmonia,
conductivity, hardness, and akalinity were determined. Temperature and DO (not to fal below 2.5
mg/L) were monitored daily. At the end of the exposure, sediments were Seved to recover the
organisms and document surviva.

Diluted Porewater Toxicity Experiment

Solutions were added to experimental chambers (100 ml beakers). Three replicates were used
for each treetment. Ten juvenile H. azteca were counted and added to the exposure beakers. The
exposure duration was 4 days. Two-thirds of the exposure water was exchanged after 48 h. Beakers
were maintained in awater bath at 23°C under a 16h:8h light:dark cycle. At termination of the exposure
period, water quality parameters (dissolved oxygen, pH, hardness, conductivity, anmonia) were
measured and dl surviving amphipods were retrieved from beskers and enumerated. Surviving animas
were blotted dry and weighed.

RESULTS
Chemical analysis of 40SD-3 sediment dilution series

Chemicd analysis of Picatinny Lake sediment reveded that RDX, HMX, TNT, 2ADNT (2-
aminodinitrotuene), 4ADNT (4-aminodinitrotoluene), 24DANT (2,4-diaminonitrotoluene) and TNB
(trinintrobenzene) were present in 40SD- 3 sediment, but not in the reference sediment

Concentrations of contaminants in diluted sediments are reported in Table 5.b.6.A. The
compounds HMX, TNT, RDX and 4ADNT were detected in al trestments. The compound 2ADNT,
2ADANT and TNB were not detected in the lowest trestment. Overall, the relative concentration of
compounds in the sediment corresponded to the nomind dilution of contaminated sediment with
contaminant-free sediment (Table 5.b.6.B).

Compound concentration in the porewater of 40SD-3 sediment (Table 5.b.6.C, 100%
treatment) was close to the solubility limit for HMX, TNT and RDX. Dilution of the sediment with
uncontaminated sediment did not result in adecrease in porewater concentrations of those compounds.
Porewater concentrations remained relatively unchanged across dilution series trestments, on an
absolute (Table 5.b.6.C) or rdative basis (Table 5.b.6.D). Consequently, the concentrations of
compounds in the porewater relative to the concentration of compound in the sediment increased with
increasing dilution of the sediment for these compounds (Table 5.b.6.E).
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Sediment toxicity

Surviva in the control and reference sediment replicates was 60% and higher for H. azteca and
100% for L. variegatus. Mean survivd in controls and the dilution series trestments are presented in
Fig. 5.b.6.A. Survivd waslow in the 3% trestment of L. variegatus. Complete mortality occurred in
al treetments for H. azteca and in the 6% and higher treetments for L. variegatus (Fig. 5.b.6.A).

Bioaccumulation
The bioaccumulation experiment was not completed successfully because mogt of the test-
organisms died within the initia few days of exposure. Therefore, no tissue residue data are reported.

Chemical analysis of porewater dilution series

Concentrations of nitroaromatics and cyclonitramines in the stock and diluted sediment 40SD- 3
porewater are presented in Table 5.b.6.A. In amanner different from the porewater obtained from
diluted sediments, the compound concentration in the porewater dilution series decreased according to
the dilution factor (Table 5.b.6.F).

Porewater dilution seriestoxicity
Amphipod surviva was high in the control and significantly decreased in dl diluted porewater
treatments (Fig. 5.b.6.B). Complete mortdity was observed in the 4% dilution and higher trestments.

DISCUSSION

The concentrations of explosive compounds in the sediment decreased with increasing dilution
of the stock contaminated sediment. However, concentrations in the porewater of diluted sediments
remained relatively unchanged. The porewater concentrations of TNT, RDX and HMX in 100%
40SD-3 were close to the solubility limit for these compounds (Table 5.b.6.C).  Dilutions below 3%
40SD-3 sediment would be necessary to promote a decrease in porewater concentration.

Sediment toxicity to benthic amphipods can be rlatively accuratdly interpreted by comparing
porewater concentrations to toxic water-only concentrations. The compounds RDX and HMX were
not toxic to H. azteca in water exposure up to the solubility limit of those compounds (Table 5.b.6.G).
TNT waslethdly toxic to H. azteca at approximately 2 mg/L, a concentration much lower than
porewater concentrations for al dilution series treetments (Table 5.b.6.G).

A gradient of contaminant concentrations was successfully created by diluting full-strength
40SD-3 porewater with uncontaminated water. Complete mortality occurred at 4% and higher
treatments, where TNT concentrations exceeded the 10-d L C50 determined for H. azteca. Four-day
sngle LC50 vaues for al compounds detected in the 40SD-3 sediment porewater are being generated
usng H. azteca. These vaues will permit testing the predictive power of using the toxic units approach
for mixtures to predict toxicity of field-contaminated samples.
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The objective of our study was to obtain arange of biologica responses to diluted Lake
Picatinny sediments. This objective could not be met because the concentration of nitroaromatic
compounds in the sediment and in the porewater of dl dilution treatments far exceeded letha
concentrations for H. azteca. Sediment 40SD-3 would have to be diluted further to create suitable
concentrationsfor usein H. azteca toxicity tests. We estimated that a dilution down to 0.1% would be
necessary to generate sediments within the range necessary to promote partial surviva of H. aztecain
sediment exposures. Reasonable and congstent achievement of this degree of sediment dilution would
be difficult if not impossible to reach.

SEDIMENT RESAMPLING EFFORTS

With the objective of obtaining sediments from Picatinny Lake considerably less contaminated
than sediments collected in 2001 (Table 5.b.6.A), we arranged for sediment sampling inthe Lakein
2002. Sediments collected from or around site 40SD- 3 in September and in November 2002 were not
suitable for usein our experiment because the concentrations of explosive compounds were too [ow
(Table 5.b.6.G) to promote toxicity in benthic invertebrates previoudy used in our sudies.
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5.b.7. UNPUBLISHED STUDY 7: Toxicity and critica body burden of TNT in the
freshwater midge Chironomus tentans in aqueous exposures. Gui Lotufo.

INTRODUCTION

The agqueous toxicity of TNT has been previoudy studied for afew species of aguatic
invertebrates (Talmage et al. 1999). However, the bioaccumulation of TNT in aguatic speciesis poorly
known. Therefore, further studies are necessary to enhance our understanding of TNT biocaccumulation
in aguatic organiams and of the relationship between compound bicaccumulation and ecologicaly
relevant toxicity endpoints, such as survival.  The objective of this study was to derive critical body
resdues for a benthic invertebrate through the relationship between surviva and body residue expressed
ether astota bioaccumulated compounds, determined using radioactivity, and as the sum molar
concentration of TNT and its degradation products thet are extractable and quantifiable via chemica
andyss.

MATERIALSAND METHODS
Experimental organisms
Chironomus tentans were obtained as egg masses from Environmental Consulting and Testing
(Superior, WI). Upon arrivd at the laboratory, egg masses were placed in plastic tote tubs containing
dechorinated water and athin layer of sand. Fish food flakes (Tetrafin®, Tetra Sales) were added dally.
Larvae were reared to the forth instar based on a head capsule width (USEPA, 2000).

Exposure media

A TNT spiking stock was prepared for each water trestment by combining **C-labeled TNT to
non-radiolabeled TNT in the appropriate volume of acetone. Radiolabeled trinitrotoluene (**C-TNT,
23.6 Ci/mol, 99% radiochemica purity) was purchased from New England Nuclear Research Products
(Boston, MA). Non-radiolabeled TNT (99% purity) was purchased from Chem Service (Wesichester,
PA). Exposure water was prepared by spiking 0.5 ml of TNT acetone stock to each liter of atificid
seawater. Thetarget radioactivity in al exposure water treatments was 5,000 dpm/ml. Thetarget TNT
concentration in water trestments ranged from 0.25 to 6 mg/L (Table 1). The control trestment
congsted of a0.5 ml/L acetone solution. The spedific activity of the isotopicaly diluted **C-TNT in
each gpiking solution, determined by analyzing freshly spiked water for radioactivity and TNT
concentration (see below), ranged from 0.089 to 2.189 Ci/moal.
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Agueous toxicity experiments

Toxicity and bioaccumulation of **C-TNT were examined in 4-d water-only exposures.
Midges were exposed to arange of contaminant concentrations (Table 5.b.7.A) in 300 ml tall beskers
filled with 250 ml of test solution and 5 g of quartz sand as tube-building subgrate. Four beakers were
used for each treatment. Each exposure beaker received 10 organisms a experiment initiation. Beakers
were placed in awater bath at 23°C and received trickle flow aeration under gold fluorescent lights at a
16h:8h light:dark cycle ad food was provided every day as 6 mg of ground TetraFin per besker. Each
day during the duration of the experiment, the number of larvae in each beaker was recorded and dead
animas were removed. Approximately 90% of the exposure solution from each besker was renewed
every 24 h. Exposure water was sampled for radioactivity a the beginning of the experiment and daily
thereafter before and after each renewa. This procedure was conducted for monitoring compound
concentration throughout the exposure period and to determine compound volatilization and degradation
following the 24-h period preceding each exposure solution exchange event. One milliliter of water was
transferred to 12-ml scintillation cocktail (3a70b; Research Products Internationdl, 1L) and **C-activity
was quantified by liquid scintillation counting (LSC) on aTricarb Liquid Scintillation Anayzer (Modd
2500; Packard Instruments, Meridien, CT). For water chemicd analys's, samples were taken at
experiment initiation and at day 1 before water renewd. For tissue radioactivity and chemical
concentration determinations, midges were removed from beakers at experiment termination. For each
beaker, three larvae were blotted dry, weighed, and transferred to 12-ml of 3a70b scintillation cocktail,
and analyzed for radioactivity as described above. Remaining animals from each beaker were rinsed
with water, blotted dry, weighed, and andyzed for nitroaromatic compounds in tissues (see below).
Measured specific activities were used for converting the radioactivity concentration in water or tissue
samplesto TNT molar-equivaent concentration, and therefore includes parent compound and
breakdown or conjugated compounds.

Chemical analysis

Water samples. Aqueous samples were analyzed for TNT and its daughter compounds
animodinitrotuenes (2ADNT and 4ADNT) and diaminonitrotoluenes (24DANT and 2,6DANTS) using
amodified verson of U.SEPA method 8330. Chemica analyssfor TNT and degradation productsin
water was conducted using an Agilent 1100 HPLC (Palo Alto, CA, USA) equipped with a diode-array
detector (USEPA 1997). The column used was a SUPEL CO RP-Amide C-16 with asampleinjection
volume of 100 pL and flow rate of 1 ml/min. Solvent ratios were 45% water and 55% methanol and
UV absorbance was measured at 230 nm. Laboratory reporting limits for the andys's of water samples
using this method are 0.1 ppm for TNT, TNB, 2ADNT, 4ADNT, and 24DANT.

Tissue samples. Tissue samples ranging from 6 to 47 mg wet wt. (28 £ 11 mg) were placed in
bead- beating vids with 50 mg of 0.5-mm glass beads and 0.75 ml of HPL C grade acetonitrile. Samples
were homogenized on amini beadbeater (Biospec, Barttlesville, OK) for 100 sec at 4200
oscillations/min and placed on ice. Samplesreceived 0.75 ml of 1% CaCl, and were sonicated
(Branson 3200, Branson Ultrasonics, Danbury, CT) for 1 h at 18°C in awater bath (Nedab RTE-111,
Nedab Insruments, Newington, NY). Samples were centrifuged for 10 minat 7500 x g a 4°C. The
supernatants were filtered through 0.45 pm PTFE syringe filters (Nalge Nunc, Rochester, NY) into
amber sample vids. Andyteswere isolated and identified as described for water samples.
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Statistical analysis and bioaccumulation modeling

One-way anaysis of variance was used to andyze amphipod survival data. Contaminant
trestments were compared to the control trestment using the William'stest. Significance levd (a) was
st at 0.05. Survival datawere transformed by arcsine- square-root before andysis. Median letha
concentration (LC50) values were caculated using the trimmed Spearman-Karber method.

RESULTS
Aqueous concentrations

The concentration of TNT-molar equivdentsin the exposure solutions, measured using LSC,
were Smilar to the target concentrations and remained relatively constant during the exposure period, as
little decrease in radioactivity occurred following the 24-h period between exposure solution exchanges
(Table5.b.7.A). However, HPL C-measured concentrations in the exposure solutions were lower
relative to the L SC-measured concentrations. Most of the TNT in the freshly spiked solution degraded
to 4ADNT and the sum concentration of TNT and 4ADNT decreased substantiadly following the 24-h
period between exposure solution exchanges (Table 5.b.7.A).

Bioaccumulation
TNT and TNT aminated breskdown products were detected in solvent extracts of larva

midges following a4-d exposure to TNT. Body residues were estimated as TNT molar equivalents
using radioactivity and as sum molar concentration of TNT, ADNTs and DANTSs using solvent
extraction and HPLC quantification (Table 5.b.7.B). The HPLC-measured body residues were only a
amadl fraction (3-14%) of the L SC-determined tissue concentrations. Body residue increased with
increasing water concentration. Overal, the ADNTSs were the dominant compound in tissue solvent
extracts, with the relative fraction of breakdown products decreasing with increasing water
concentration. Bioconcentration factors were subgtantidly higher when calculated using LSC-
messured tissue and water concentrations than when concentrations were measured viaHPLC. BCF
vaues were subgtantialy more variable across trestments when caculated usng HPLC-determined
concentrations (Table 5.b.7.B).

Aqueoustoxicity and critical body residues

At termination of the 4-d exposure, surviva was high in the control treatment (94+9%) and
treatments 1.1 to 8.8 umol/L (83-87%), but was significantly decreased in the two highest treatments
(Table5.b.7.B). The4-d LC50 was 8.54 umo/L (Table5.b.7.C).

The relationship between body residue and surviva is presented in Fig. 5.b.7.B. Only the body
resdues measured in the midges from the 17.6 pmol/L trestment were associated with sgnificant
decreasein survival. The body residue in dead organisms from the highest trestment was not
determined. The median lethd residue for L SC-measured body residues was substantidly higher than
the value for HPL C-measure residues (Table 5.b.7.C).

DISCUSSION

Breakdown of TNT and lossof TNT and TNT breakdown products over time in agueous
solutions were likely due to the addition of food (ground fish flakes), as lesser degradation and losses
were observed in Smilar experiments where food was not added (L otufo, unpublished).
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The potential for TNT to bioconcentrate in aguatic speciesis expected to be low given the low
hydrophobicity of this chemica (measured and caculated log Ko, vauesof 1.6-2.7). Theonly
bioconcentration factors for aguatic animas reported in the literature (Liu et al. 1983) were derived
using *C-activity as a surrogate for TNT bicaccumulation. The range of values (202 — 453) for
invertebrates and fish was higher than the range of vaues observed for C. tentans in this study (85—
129). Vauesreported in Liu et al. (1983) and in this study using **C-activity were substantialy higher
than the expected value of 20 calculated using alog K, of 2.03 for TNT. Vauesderived in this study
using HPLC-measured water and tissue sum molar concentrations of TNT and its daughter compounds
(5.3 —20.5) were in agreement with the predicted value. The reason for the difference between *C-
activity and HPL C derived BCF vauesis the solvent-resistance of a sizable fraction (20-30%) of
radiolabeled **C measured in the tissue and the portion of the extractable activity that corresponded to
highly polar TNT metabolites that are not quantifiable using existing sandards and andytica procedures
(Lotufo and Steevens, unpublished). Covadent binding of metabolic products to organic molecules likely
renders them resistant to solvent extraction, as has been observed for TNT and human hemoglobin
(Bakhtiar and Leung 1997).

We successfully derived critical body residues (CBRs), here expressed as median letha
resdues, for the sum of TNT and its mgor breakdown products and dso for al the radiolabeled
molecules. The CBRs for HPL C-identified compounds was substantialy higher than that calculated for
al the bioaccumulated molecules using radioactivity. Thetoxicologicd sgnificance of non-extractable
and non-detected compoundsis il unknown and further investigation is warranted.
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5.b.8. UNPUBLISHED STUDY 8: Toxicity and criticad body burden of TNT in the
amphipod Leptocheirus plumulosus in agueous exposures. Gui Lotufo.

INTRODUCTION

The agueous toxicity of TNT has never been investigated using estuarine or marine aquatic
invertebrates (Talmage et al. 1999). Moreover, the bioaccumulation of TNT in aquatic speciesis
poorly known. The only bioconcentration factors reported in the literature (Liu et al. 1983) were
derived using “*C-activity as asurrogate for TNT bioaccumulation. Therefore, further studies are
necessary to enhance our understanding of TNT bioaccumulation in aquatic organisms and of the
relationship between compound bioaccumulation and ecologicdly reevant toxicity endpoints, such as
aurvival. Accurate assessment of the relationship between environmenta concentrations and the
manifestation of toxicity is only possible when toxicokinetic parameters are measured (Lotufo et al .,
2000). The objective of this study was to investigate the toxicity and the bioaccumulation kinetics (rates
of uptake and eimination) of TNT for the estuarine amphipod Leptocheirus plumulosus. In addition,
we examined the relationship between surviva and body resdue to derive critica body residues for this
Species.

MATERIALSAND METHODS
Experimental organisms

Leptocheirus plumul osus were laboratory cultured as previoudy described (Emery et al.
1997). Cultures were maintained in 42 x 24 x 15 cm polyethylene tote boxes containing 2 to 3 cm of
sediment (Sequim Bay, WA) and 3 L of artificiad seawater (40 Fathoms®, Marine Enterprise
Internationd, Batimore, MD) at a sdinity of 20. Cultures were held under a 16:8 light:dark cycle, at 23
9C and with trickle flow aeration. Animals were fed ground TetraMin® (Tetra Sales, Blacksburg, VA)
and sixty percent of the overlying water was renewed three times weekly.

Exposure media

A TNT spiking stock was prepared for each water trestment by combining **C-labeled TNT to
non-radiolabeled TNT in the appropriate volume of acetone. Radiolabeled trinitrotoluene (23.6 Ci/moal,
99% radiochemica purity) was purchased from New England Nuclear Research Products (Boston,
MA). Nonradiolabeled TNT (99% purity) was purchased from Chem Service (Westchester, PA).
Exposure water was prepared by spiking 0.5 ml of TNT acetone stock to each liter of artificia
seawater. The target radioactivity in al exposure water trestments was 5,000 dpm/ml. The target TNT
concentration in water treatments ranged from 0.25 to 6 mg/L (Table 5.b.8.A). The control trestment
consisted of a0.5 ml/L acetone solution. The speific activity of the isotopicaly diluted [**C]TNT in
each gpiking solution, determined by anadyzing freshly spiked water for radioactivity and TNT
concentration (see below), ranged from 0.096 to 2.098 Ci/mal.
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Agueous toxicity experiments

Toxicity and bioaccumulation of **C-TNT were examined in 8-d water-only exposures.
Amphipods were exposed to arange of contaminant concentrations (Table 5.0.8.A) in 600 ml beakers
filled with 500 ml of test solution. Nine beakers were used for each treatment. Each exposure beaker
received 10 organisms at experiment initiation. Beakers were placed in awater bath at 23°C and
received trickle flow aeration under gold fluorescent lights a a 16:h-8h light:dark cycle and food was
provided every day as 10 mg of ground Tetramin per beaker. Each day of the experiment, the number
of amphipodsin each beaker was recorded and dead amphipods were removed. Approximately 50%
of the exposure solution from each beaker was renewed every 24 h. Exposure water was sampled for
radioactivity and chemicad analysis a the beginning of the experiment and daily thereafter before and
after each exposure water renewal for monitoring compound concentration throughout the exposure
period and to determined compound volatilization and degradation following the 24-h period preceding
each exposure solution exchange event. One milliliter of water was transferred to 12-ml scintillation
cocktail (3a70b; Research Products International, 1L) and **C-activity was quantified by liuid
scintillation counting (LSC) on a Tricarb Liquid Scintillation Andyzer (Modd 2500; Packard
Instruments, Meridien, CT). For tissue radioactivity and chemica concentration determinations, all
amphipods were removed from two beakers at days 1 and 4 and from five beakers at day 8. For each
beaker, three amphipods were blotted dry, weighed, and transferred to 12-ml scintillation cocktal,
sonicated for 20 sec with a Branson Sonifier 450 high intengty probe-sonicator (Danbury, CT) a 50%
power, and analyzed for radioactivity as described above. Measured specific activities were used for
converting the radioactivity concentration in water or amphipod samplesto TNT molar-equivaent
concentration, and therefore includes parent compound and breakdown or conjugated compounds.
Remaining amphipods from each beaker were rinsed with water, blotted dry, weighed, and frozen at —
80°C for chemicd andysis of nitroaromatic compounds in tissues.

Chemical analysis

Water samples. Aqueous samples were analyzed for TNT and its daughter
compounds animodinitrotuenes (2ADNT and 4ADNT) and diaminonitrotoluenes (24DANT and
2,6DANTS) usng amodified verson of U.SEEPA method 8330. Chemica analysisfor TNT and
degradation products in water was conducted using an Agilent 1100 HPLC (Palo Alto, CA, USA)
equipped with adiode-array detector (USEPA 1997). The column used was a SUPELCO RP-Amide
C-16 with asample injection volume of 100 pL and flow rate of 1 ml/min. Solvent ratios were 45%
water and 55% methanol and UV absorbance was measured at 230 nm. Laboratory reporting limits
for the andysis of water samples using this method are 0.1 ppm for TNT, TNB, 2ADNT, 4ADNT, and
2ADANT.

Tissue samples. Tissue samples ranging from 6 to 47 mg wet wt. (28 £ 11 mg) were placed in
bead-beeting vids with 50 mg of 0.5-mm glass beads and 0.75 ml of HPL C grade acetonitrile. Samples
were homogenized on amini beadbester (Biospec, Barttlesville, OK) for 100 sec at 4200
oscillations/min and placed on ice. Samplesreceived 0.75 ml of 1% CaCl, and were sonicated
(Branson 3200, Branson Ultrasonics, Danbury, CT) for 1 h at 18°C in awater bath (Nedab RTE-111,
Nedab Instruments, Newington, NY). Samples were centrifuged for 10 minat 7500 x g at 4°C. The
supernatants were filtered through 0.45 pum PTFE syringe filters (Nalge Nunc, Rochester, NY) into
amber sampleviads. Andytes were isolated and identified as described for water samples.
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Statistical analysis and bioaccumulation modeling

All measurement vaues are expressed as a mean + 1 sandard deviation. Completely
randomized one-way analyss of variance was used to compare surviva data. William’s test was used
for comparing trestment means with control means. Significance level (a) was set a 0.05. Survivd data
were transformed by arcsine-square-root before analysis. Median letha concentration (LC50) and
median lethd tissue resdue (LR50) vaues were cdculated using the trimmed Spearman-Karber
method.

Accumulation data from the 8-d experiment were fit to a two-compartment modd (Landrum et
al., 1992):

Ca=Ks* CuRe (1- e—ket)’
where C,is the concentration in the animal (umol [g wet wi] ™), ks is the conditional uptake clearance
rate coefficient (g dry sediment [g wet tissug]™ h*), C,, is the concentration in the water (umol L™), Keis
the conditiona dimination rate constant (%), and t istime (h). The corresponding half-lives (ty,) were
determined in terms of kq by the formula (ty2) = 0.693 kq™. Analyses were performed using Sigma Plot®
(Release 6.0, SPSS, Chicago, IL).

RESULTS
Aqueous concentrations

The concentration of TNT-molar equivaentsin the exposure solutions, measured usng LSC,
were Smilar to the target concentrations and remained relatively constant during the exposure period, as
little decrease in radioactivity occurred following the 24-h period between exposure solution exchanges
(Table 5.b.8.A). Concentrations measured usng HPLC were subgtantidly lower than L SC-measured
concentrations for the low treatments, but were increasingly smilar to the latter with increesing TNT
loading in the water (Table 5.0.8.A). Substantia degradation of TNT to 4ADNT occurred in the low
trestments, but virtualy no degradation occurred in the high treetments. Whereas very little loss of
compound was measured using LSC, the HPL C-measured sum concentration of TNT and 4ADNT
decreased subgtantialy following the 24-h period between exposure- solution exchanges for the low
trestments, but remained relatively unchanged in the high treatments (Table 5.0.8.A).

Bioaccumulation

Uptake data was collected following 24, 96, and 192 h of exposure to radiolabeled TNT.
Kinetics data were not collected for the two highest treatments because of complete mortdity before the
96 h sampling period. Concentrations in amphipod solvent extracts were below detection limit for al
treatments at al sampling periods. Therefore, toxicokinetics data were generated using only LSC-
measured tissue concentrations. The uptake rate constants varied by a factor of 4 across trestments.
The modd-derived dimination rate was not sgnificantly different from zero for the highest trestment.
The dimination rate congants varied by afactor of 3 across trestments (highest excluded). No
gpparent relationship was evident between exposure concentration and uptake or elimination rates.

Kindicaly-derived (K, / K¢) and day-8 measured BCF values were very similar, as steady-state was
approaching at the 8-d exposure period.



Aqueous toxicity and lethal body residue

Mean surviva remained high in the contral trestment (> 88%) and treetments 1.1 to 4.4 pmol/L
(> 76%0) throughout the 8-d exposure (Fig. 5.b.8.B). All amphipodsin the 17.6 and 26.4 umol/L
treastments died between days 2 and 4 of the experiment. Surviva was sgnificantly decreased in
treatment 8.8 umol/L between days 4 and 8 of the exposure. The 4-d LC50 va ue was approximately
twiceashigh asthe8-d LC50 (Table 5.0.8.C). Surviva and body residue data a days 4 and 8 were
used for the cdculation of median letha resdues. The 4-d LR50 value was very smilar to the 8-d LR50
(Table5.0.8.C).

DISCUSSION

TNT and TNT mgor metabolites were below detection leve in amphipod tissue solvent
extracts usng HPLC anadysis. Therefore, body burdens were only reported as TNT molar equivaents
estimated using **C-activity in the whole body. The kinetics parameters derived in the present study
revedled that the dimination of tissue-associated **C-radiolabdl resulting from exposureto TNT issow
(eimination helf-live ~ 30-70 h). These dow dimination rates were unexpectedly dow rdative to the
hydrophobicity of TNT (log Ko ~ 2), asratesfor TNT were similar to those measured for DDT (log
Kow ~ 6), amuch more hydrophobic compound (Lotufo, unpublished). The reason for the low
elimination rate of radiolabeled compound is likely due to the binding of TNT and its metabolites to
organic molecules within the organism, as demonstrated in previous studies from our |aboratory (Lotufo
and Steevens, unpublished). Covaent binding of TNT and its metabolic products to organic molecules
renders these molecules res stant to solvent extraction and likely removes them from the pool of
molecules that can cross biological membranes and hence leave the organism.

Criticd body residues (CBRs) cdculated as median lethd resdues for TNT molar equivaents
estimated using **C-activity in the tissues were very similar to those calculated for C. tentansin the
previous study.
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5.b.9. UNPUBLISHED STUDY 9: Correlation between histone 1a gene expression
and contaminant exposurein Chironomus tentans. Ed Perkins.

I ntroduction

TNT isacommon explosve chemica used in the manufacturing of ordnances. Past waste
digoosa practices a Army ammunition plants and ongoing military training activities have resulted in the
contamination of soil, sediment and water with TNT. Exposure to contaminated mediais a potentid
hedth risk. Severd sudiesin terrestrid and aquatic systems have demonsgtrated toxic effects at the
organism levd (Tamage 1999, ATSDR 2002). However, mechanisms through which TNT may
initiate damage at the cdlular islargely unknown (ATSDR 2002).

Most evidence for the mechanism of toxicity of TNT is derived from acute exposure mammalian
gudies. Metabolism most likely occursin the liver through both reductive and oxidative processes
(Leung, 1995). TNT israpidly metabolized to hydroxylamines that subsequently bind to cell
components, is conjugated, or eliminated. The metabolism of TNT may aso produce reactive oxygen
radicas, damaging DNA, proteins, and lipids (Homma-Takeda et al., 2002; Bakhtiar et al., 1997, Liu
et al., 1992). Observations of enhanced growth at low levels and reduced growth and surviva at high
levels of TNT in invertebrates (Chironomus tentans) suggests complex interactions between cdlular
function and gene expression (Steevens et al., 2002).

Effects of TNT on growth may result from different toxicologica effects at the cdlular leve.
TNT may directly impact cell growth by modifying nuclear proteinsinvolved in chromosoma structure
and gene regulation. Histone proteins are essentid nuclear proteins that form the scaffolding upon which
chromosoma DNA is condensed and are highly conserved across most organisms. The histone
proteins H2a, b and H3a, b form the core around which DNA iswound. Linker hisonesHla—e are
involved in regulation of gene specific expresson (Georgd and Hansen 2001, Khochbin 2001).
Expression of hlaisrequired for proper regulation of pyruvate decarboxylase gene expressonin
Neurospora crassa (Folco et al., 2003). Histone proteins are intimately tied to nuclear organization
and expression of hisone MRNA which has been linked to growth and the rate of DNA synthesis
(Pumb et al., 1984, Wang et al. 1997). Since expression of hlaislikdy to be affected by any
chemicd that impacts growth and survivd, toxic levels of other priority pollutants such as pesticides,
polyaromatic hydrocarbons, and metals may also affect hla.

We have examined linker histone hlaexpressonin C. tentans and linked expression levelsto
growth and survivd to better understand the impact of TNT exposure. A semiquantitative reverse
transcriptase polymerase chain reaction assay was developed for the histone 1agenein C. tentans. We
aso examined whether any impacts seen were specific to TNT or if other priority pollutants such as
DDT, phenanthrene, fluoranthene, cadmium, copper, and zinc dso affected hlaexpresson. Expresson
of hlaresponded in a dose dependent manner when exposed to TNT and other chemicas and was
proportiona to effects measured at the whole organism leve.

Materialsand Methods
Experimental organisms
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Chironomus tentans were obtained as egg masses from Environmental Consulting and Testing
(Superior, WI). Upon arriva at the laboratory, egg masses were placed in plagtic tote tubs containing
dechlorinated water and athin layer of sand. Fish food flakes (Tetrafin®, Tetra Sales) were added
daily. Larvaewerereared for 10 or 11 days after hatching to the third instar based on a head capsule
width ranging from 0.33 to 0.45 mm (USEPA, 2000).

Animal exposures

Chironomus larvae were exposed to different levels of TNT over 10 days. Triplicate exposures
were conducted with nomina concentrations of 0.1, 0.5, 1.0 and 2.0 mg/LTNT. TNT (99% purity)
was purchased from Chem Service (Westchester, PA, USA). Replicate exposures were conducted for
1 hr, 24 hr, 96 hr, and 240 hrs at each concentration. A triplicate, unexposed control was exposed for
240 hrs. TNT dissolved in acetone was added to dechlorinated tap water (1.6 ml acetone /L) for
preparing agueous exposure solutions. Exposure chambers were 300-ml beekersfilled with 250 ml of
exposure solution. Each beaker received 10 larva midges. Three replicates were used for each
treatment. Beskerswere placed in awater bath at 23°C and received trickle flow aeration under gold
fluorescent lights at a 16h:8h light:dark cycle. Approximately 95% of the exposure solution from each
beaker was renewed every 24 h and food was provided every day as 6 mg of TetraFin. Fresh aqueous
solutions were prepared before each water exchange. Temperature and dissolved oxygen were
monitored throughout the exposure periods. Hardness, alkdinity, and ammonia concentration were
measured using commercialy available kits (LaMotte, Charleston, SC) at initiation and completion of
the experiments. Temperature and dissolved oxygen were monitored throughout the exposure periods.
Water quaity parameters including hardness, dkdinity, and ammoniawere also measured using a
commercidly available kit from Lamotte (Chestertown, MD) at the initiation and completion of the
exposures. Water quality parameters were within acceptable limits throughout the experiment: dissolved
oxygen (6.5-6.9 mg/l), pH (7.4-7.6), anmonia (< 3 mg/L), hardness (100-108 ppm CaCQs), dkdinity
(104-116 ppm CaCOs). At experiment termination, al midges from each replicate beaker were rinsed
with water, blotted dry, weighed, survivors counted and stored in a 3x volume of RNA-Iater (Ambion)
at —20 °C until used for RNA isolaion.

Stocks of phenanthrene, fluoranthene, and DDT (Aldrich, Milwaukee, WI) were dissolved into
acetone and added to 1 L distilled water to create solutions with nomina concentrations of 25 pg L™,
30 ug L, and 0.2 pg L™ respectively. Concentrated stocks of zinc chloride, copper chloride, and
cadmium chloride (Aldrich, Milwaukee, WI) in water were added to 1 L distilled water to create
solutions with nominal concentrations of 125 pg L™, 54 pg L™, and 100 pg L™. Fifty laboratory
cultured, 2" ingtar C. tentans larvae were exposed for 16 hr in 1 L distilled water in a glass besker at
room temperature for each different chemical. At the end of the exposure period, midges were
removed. Midges from within the same exposure were then pooled and stored in a 3-fold volume of
RNAlater™ (Ambion, Augtin, TX) a —20 °C until used for RNA isolation. Animals from the same
exposure were pooled to minimize variations in response due to individua differences to obtain the
necessary amount of RNA for quantitative andyses.

RNA isolation.
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Tota RNA wasisolated from 100 — 500 mg tissue with an RNAgreen isolaion kit usng amini-
bead beater protocol and acid phenol extraction (Qbiogene). The lower phase was removed after
which 20 pl of 12 M lithium chloride per 100 solution were added and RNA precipitated in amicrofuge
a 14 x g. RNA pdllets were washed with 70% ethanol and suspended into 100 pl SAFE buffer.
Contaminating DNA was removed using DNase and a DNA-free DNase remova kit (Ambion) as
recommended by the supplier. RNA was quantitated using the RNA stain Ribogreen (Molecular
Probes) as recommended by the manufacturer. RNA was stored at —20 °C until needed.

Gene expression analysis

Histone Hla 2F (5-ACCCTCGCATTTCTCAGTTT) and histone Hla 2R (5'-
GCTTGTCAGATTTCGGCTTC) primers were desgned targeting Chironomus tentans (clone 361)
histone Hla gene (GenBank accession number L29107) using the software Primer Premier V. 4
(PREMIER Biosoft International). We reverse transcribed 0.1 to 0.5 ug of total RNA into cDNA. 50
pmoles of random decamers were annedled to RNA in a 20 pl volume by heeting to 85 °C for 3 minutes
followed by chilling on ice. Reactions were begun with 10 pl of cDNA synthesi's mix composed of 50
mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl, 5 mM dithiothreitol, 0.4mM each deoxynuclectide
triphosphate, 3 units RNase inhibitor, and 30 units M-MLYV reverse transcriptase (Ambion). Reactions
were placed at 42°C for 2 hrsfollowed by 5 min at 95°C to denature enzymes. Reactions were diluted
to 200 pl prior to real time PCR assays. Redl-time PCR assays were performed using an iCycler red-
time PCR machine (BioRad). Five replicate reactions were performed for each trestment replicate.
Redl-time PCR reactions were composed of 50 mM KCl, 10 mM Tris-HCI (pH 9.0 at 25°C), 1.0%
Triton® X-100, 0.25 mM each deoxynucl ectide triphosphate, SY BR Green | mix [final concentration
of 5% dimethylsulfoxide, a 1/10,000 dilution of SYBR Green | (Molecular Probes), 1 mg ml™ bovine
serum abumin, 1% Tween® 20], 0.5 units Tagq polymerase (Promega), 0.5 mM primers, and 2ul
cDNA (representing approximately 2.5 ng total RNA) in afind volume of 20 pl. PCR conditions were
3 min a 95°C, followed by 50 cycles of 95°C for 30 sec, 55°C for 45 sec, and 72°C forl min.
Fuorescence of primer dimer products may overestimate abundance of desired PCR products. To
minimize primer dimer interference, data were collected after extension a 72°C during each cycle by
insertion of a 10 second hold a a temperature, collection Ty, resulting in melting of primer dimers, but
not desired products. Amplification of desired PCR products was determined using amelting curve
from 55 °C to 95 °C in 0.4 °C increments.
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Data analysis

Threshold vaues of fluorescence (C;) obtained for red time reactions were andyzed for
differences between experimentad organisms and control organisms by determining ratios of
experimenta to cortrol C; vaues usng the following formula: target expression rdaive to control =
(efficiency of amplification of target PCR product) 0! average C-sampleC) - Ey yression ratios between
samples were normaized to 18SrRNA as a measure of total RNA of samples reative to controls.
Rdative expresson vaues were identified as outliers and excluded from andysisif they werein excess
of one standard deviation from the mean. Students 2-tailed t-test was used to assess the significance of
observed differences. Pearson’s ranking coefficient was used to assess relatedness. For the purposes
of these experiments avaue of p < 0.05 was used for testing of Sgnificance for dl datistica tedts.

Results
The effect of aqueous TNT exposureson growth and survival of midges.

The effect of TNT exposures on midges was examined from 0.5to 2.0 mg L™ TNT. Survivd
and growth effects were dependent upon dose and duration of exposures. Significant decreasesin
survival only occurred a 2.0 mg L™ TNT, (Fig 5.b.9.1), consistent with a previoudy derived LCs, vaue
of 1.9 mg L™ (G. Lotufo, unpublished). Surviva a 2.0 mg L™ TNT decreased as length of exposures
increased to 240 hrs. Growth as mass was significantly effected a 2.0 mg L™ TNT a dl lengths of
exposure, except 1 hr.

Effectsof TNT exposure on histone 1a gene expression in C. tentans

Histone gene expression corrdates with lethad and sub-letha endpointsin C. tentans. Histone
laexpresson was sendtive to TNT exposure. There was no significant changein expressonin 0.5 mg
L™ TNT with 1 to 240 hrs of exposure (Fig 5.0.9.2). Significant changesin hlaexpression were
observed at 24, 96 and 240 hrs of exposureto 2.0 mg L™ TNT. Hlalevels were decreased at 24 and
96 hrs, where reduced growth, but no change in surviva was seen. A 4.4-fold increasein hla
expression over the control occurred at 240 hrs aong with both reduced growth and survival.

We examined the relationship of hlaexpresson to concentration of TNT at 96 and 240 hrs
(Fig. 5.b.9.3). Histone laexpresson over increasing TNT levels at 10 days was inversely correlated
with growth and surviva at 10 days (r=-0.953, -0.936 respectively). Histone laexpresson at 4 days
correlated more strongly with surviva and growth at 10 days (r=0.9223, 0.9329 respectively) than with
surviva or growth at 4-d (r=0.755, 0.0703 respectively).
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Effects of other contaminantson H1a expresson.

Midge larvae were stressed with low levels of phenanthrene, fluoranthene, DDT, cadmium,
copper and zinc to determine whether histone 1a expression is affected by other, more common,
contaminants. Concentrations used for exposures were 10-16% of 10 to 20-d LCs, vaues (Table
5.b.9.1). Low doses of DDT, phenanthrene, cadmium, and copper had sgnificant effects on hla
expression (Table5.b.9.1). Effects of the rdative change in hla expresson normaized to the molar
amount of toxicant generally reflected the relaive potency of the chemicals tested as expressed by their
L Cso vaues and recommended water qudity criteriafor the protection of aguetic organiams (USEPA
2002). Within compounds displaying sgnificant effects, increasing levels of hlaexpresson was
correlated with decreasing molar LCs, values of toxicants (Spearman r=-0.7138). Setting 1.0 Toxic
Units, adimengionless unit, to equd the respective LCs vaues of the chemicdss, dlows comparison of
the toxicity of compounds with differing potencies.  When hlaexpresson is normaized to Toxic Units,
expresson levels weskly correlated to LCsy vaues (r=-0.597).

Discussion

We have developed ared time PCR assay for the expression of the histone 1agene of C.
tentans to determine the effect of chemica exposure on a protein important for cell function.
Expresson of hlawasfound to correlate with growth and surviva of midges exposed to increasing
concentrations of TNT.  As expected from previous studies linking histone expression to cell growth,
hla expression decreased with reduced growth in response to TNT. However, at aletha concentration
of TNT (2.0 mg L™, hlaexpression increased which may reflect DNA synthesis to repair damaged
cdls. Levelsof hlaat 4-d were corrdated with growth and mortaity effects at 10-d exposures.
Environmenta pollutants other than TNT impacted hla expresson aswel. Induction levels of hlawere
related to the toxicity of the compoundstested. Low levels of DDT, phenanthrene, Cd, and Cu
increased histone 1a expression. The correlation of an early response with organism levd effects
suggests that monitoring levels of hlaexpresson may be useful as an early indicator of toxicity.
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6. CONCLUSIONS

Thetoxicity of TNT, RDX HM X, and breakdown products of TNT, in agueous and sediment
exposur es.

Prior to this effort, the published information on the toxicity of sediment-associated explosive
compounds was limited to one study conducted in our laboratory. Under the present research effort, we
subgtantialy expanded the knowledge base on the fate and effects of explosive compounds in the
aquatic environment. We investigated the toxicity of TNT, RDX and HMX, aswdl asthe main
breakdown products of TNT, in agueous and sediment exposures. The explosves RDX and HM X did
not decrease invertebrate survival in water or sediment exposures even near water solubility limits or
exceedingly high sediment concentrations (>1,000 mg/kg). Therefore, the presence of these
compounds in the aguatic environment likely does not pose a serious risk to aquatic biota. The agueous
and sediment toxicity of TNT and the TNT breakdown products 2-aminodinitrotolune (2ADNT), 2,4-
diaminonitrotoluene (24DANT) and trinitrobenzene (TNB) were compared using freshwater
invertebrates. TNB was Smilarly toxic to TNT in both water and sediment exposures. In water
exposures, nitro-reduction substantialy decreased the toxicity of TNT, as the mono-aminated
compound 2ADNT was lesstoxic than TNT. Further amination decreased toxicity much more
dramaticdly, asthe di-aminated breakdown product 2,4DANT was substantialy lesstoxic than TNT or
2ADNT. Such dramatic differencesin toxicity among compounds were not observed in exposures to
spiked sediments.

Mixtures studies.

Interacting chemicas result in toxicologica effects or responses that are difficult to predict based
upon single chemica toxicologica data. These interactions are defined as additive or non-additive (i.e.,
gynergistic or antagonigtic). Results from this investigation indicate that TNT and its daughter
compounds interact additively when in amixture. Therefore, the toxicity of a mixture to a given receptor
can be reasonably predicted using Sngle-compound toxicity derived for that receptor.

Limited information exigts regarding the interaction of explosive compounds with other
contaminants such as metas, PCBs, PAHSs, and pesticides. Current assumptions incorporate a
sgnificant degree of uncertainty in the risk assessment process. This uncertainty is mainly due to alack
of sound-scientific information that could lead to overestimating chemical hazards and risks resulting in
needless expense to the military for cleanup or remediation of military compounds. We investigated the
interaction of an explosive compound (TNB) in a mixture with chemicas belonging to different classes
of contaminants, more specificaly the PAH phenanthrene and the heavy metd lead. Mixture interaction
experimentsusing C. tentans suggest that those compounds interact non-additively to promote
mortality. Although aless than additive (i.e., antagonistic) toxicologica interaction was gpparent, further
investigation of the mixture interaction among these compounds is warranted before definitive
conclusions about their mode of interaction are made.
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The bioaccumulation of TNT in aquatic species

Although agueous toxicity of TNT has been previoudy studied for several species of agquatic
organisms, the bioaccumulation of TNT in aguatic speciesis poorly known. We investigated the
biocaccumulation of radiolabeled TNT in two benthic invertebrates. Bioconcentration factors derived
udng “C-activity as asurrogate for TNT bioaccumulation (~ 100-200 g/ml) were substantially higher
than vaues derived usng HPLC-measured water and tissue sum molar concentrations of TNT and its
daughter compounds (5.3 — 20.5) in this study. The difference between **C-activity and HPLC derived
BCF vauesislikdly due to the solvent-resistance of asizable fraction (20-30%) of radiolabeled **C
measured in the tissue and the presence of highly polar TNT metabolitesin the extractable portion that
are not quantifiable usng existing sandards and anaytical procedures. The toxicologica significance of
the fraction of the body burden that does not correspond to TNT or its mgjor degradation products
remains unknown.

Toxicity metrics (e.g., median lethd concentrations, lethd body burdens) generated under this
investigation were derived using laboratory experiments where clean water or sediments were spiked
with chemicas a different concentrations. We attempted to vdidate these toxicity vaues using fidd-
collected sediments. However, sediments obtained from a contaminated field Site were not suitable for
deriving a dose response curve using the dilution sediment approach, as concentrationsin the field-
collected sediments were exceedingly high in early field- collected samples or too low in later sampling
attempts.

Deriving critical body residues (CBR) for benthic invertebrates.

We investigated the relationship between compound bicaccumulation and ecologically relevant
toxicity endpoints, such as surviva, with the objective of deriving critical body resdues (CBR) for
benthic invertebrates. Interna concentrations of contaminants promoting biologica effects (e.g., surviva
and growth) are gpproximately congtant for compounds with smilar modes of action aswel as among
species and exposure pathways and conditions. Therefore, the CBR approach improves the
interpretation of toxicity data by explicitly consdering bioavailability, accumulation kinetics, uptake from
al sources of exposure (e.g., sediment, food) and the effects of metabolism. Asaresult, risk estimates
derived using CBRs as toxicity reference vaues are expected to carry consderably less uncertainty than
those derived using water or sediment concentrations expected to promote biologica effects. Critical
body residues were determined for C. tentans in aqueous exposuresto TNT, 2ADNT and 2,4DANT.

CBRs, expressed as the sum molar concentrations of chemically detected nitroarometics, were
reaively congant for dl compounds, ranging from 0.02 to 0.12 umol/g. Therefore, itislikely that TNT
and itsmgjor breakdown products act by smilar modes of action in aguetic invertebrates, further
supporting the assumption of additivity for the interaction of those compounds.
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Development of genetic assays for assessing exposur e to explosives and metals.

Site assessment and risk analysis efforts are often hampered by lack of sufficient dataand
unnecessarily gtrict cleanup levels. Rapid, inexpensive bioassays for chemicd effects will enable
screening of larger numbers of samplesto establish redligtic cleanup levels and ddlineate contamination
hotspots. Using a common sediment bioassay organiam, L. plumulosus, we have isolated genes useful
in assessing exposure to biocavailable chemicals in contaminated sediments and waters. Prior to this
work virtualy no genetic information existed for L. plumulosus. We have isolated and identified genes
involved in severd important biologica pathways. A cDNA smilar to pyruvate dehydrogenase E1
component, beta subunit was isolated. The reactions of the pyruvate dehydrogense complex servesto
interconnect the metabolic pathways of glycolyss, gluconeogeness and fatty acid synthesisto the
tricarboxylic acid cycle, the principa source of adenosine triphosphate for cdllular energy. As aresult,
changes in regulation of pyruvate dehydrogense complex can severdly effect growth and surviva. A
cDNA wasisolated for 26S protease subunit, a component of the principle pathway for degradation of
cdlular proteins. A cDNA was isolated that was smilar to QM protein. QM, anovel gene that was first
isolated as a putative tumor suppressor gene from ahuman Wilms tumor cdl line, may have an
important biological role associated with development. Genomic clones were isolated for Mn+
superoxide dismutase, an enzyme involved in controlling oxidative stress and oxygen toxicity by
converting the superoxide radica to less dangerous forms. Severd families of mobile genetic ements
were described for the firgt time in thiswork. Mobile genetic dements can cause mutations and
chromosomd rearrangements. In the freshwater midge, Chironomus tentans, we show that aprotein
involved in chromosome structure and gene regulation isitself effected by exposure to contaminants and
may serve as auseful biomarker for exposure. Each of the genesisolated in thiswork reflect important
pathways that can be affected by toxicants, therefore these assays are attractive tools for assessng
effects of many different chemicason L. plumulosus and C. tentans

Relationship of genetic assays to whole organism and population levels measures.

We have developed severd rapid assays to assess effects on important genes present in L.
plumulosus and C. tentans. By corrdating results from these assays to whole organisms responses, we
have related responses on the genetic leve to the whole organism level. Using these assays, we have
been able to correlate expresson of certain genes to subletha bioaccumulation of TNT and lead.
Assays were dso found to correlate with CBRs of lead and phenanthrene. By assaying the effects of
chemicals on the specific genes, mechanistic inferences can be made about toxic modes of action. TNT
exposures induced expression of severd genes and mobilized severd mobile genetic eements. Since
mobile genetic e ements create heritable changes in genomes (i.e. mutations, deletions, nonhomol ogous
recombination), mohilization of trangposable dements will directly impact future generations and
populations. Bioaccumulation of lead was directly related to levels of a superoxide dismutase. These
assays should aso be useful for short-term sediment screening protocols, in addition to aguatic
expaosures since animals can be recovered from exposure sediments.  Sufficient sample was obtained
from 20 amphipods to perform assays. This suggests that many more samples could be screened at a
amaller scae (5 organisms) to create very high throughput screening protocols. Once protocols have
been established, these gene assays should be very cost effective for screening sediment and water
samplesfor toxicity.



67

7. TRANSITION PLAN

Technica results from this research have been transtioned to managers by publication of peer-
reviewed papers, presentations at scientific meetings, and through risk assessment models being
developed within the Army. Our research addressed a current and future challenge for the conduct of
environmentd risk assessments at Army and DOD sites. We generated awide body of information on
the toxicity, mixture interactions, bioaccumulation and critica body residues of explosive compounds.
This body of information will be rlevant for conducting environmenta risk assessments at Army and
DOD gtes contaminated with explosive compounds. Data generated during this project will dso be
used to develop toxicity modes within the Army Risk Assessment Modeling Sysem (ARAMS). The
ARAMS isbeing designed as an integrated contaminant fate and transport and effects modeling system
for characterizing contaminant risk on Army dtes. Extensive interaction with regulatory agencies during
the development of ARAMS is helping to ensure regul atory acceptance of the modeling system and the
tools it implements. The modding system incorporates exposure modeling in various media (aquatic and
terredirid), toxicologica effect data for both human and ecological endpoints, and determines risk while
indluding routines for describing uncertainty. Our research generated relevant information on the
relationship between an ecologically sgnificant toxicologica effect (i.e,, surviva) and internd chemica
concentrations (i.e., whole organism body burden) to adiversity of Army-relevant compounds and
biologica receptors. Critica body resdue datawill be incorporated within the Environmental Residue-
Effects Database (ERED, http:/Amww.wes.army.mil/e/ered/index.html), which is housed &t the
Environmenta Laboratory a ERDC. This database has been integrated with ARAMS as a source of
toxicity data. We are continuing to enhance capabilities to conduct populationtlevel risk assessments.
Under the Hazard/Risk focus area of the Ingallation Restoration Research Program, modeling tools are
being developed to accomplish population level assessments using the kinds of data generated during
thisstudy. Gene assays developed here are being assessed for utility astools for screening sediments
containing non-military-specific contaminants of concern (i.e. other PAHs, PCBs, metds, and
pesticides) usng research funds from the Army Corps Engineers Long-term Effects of Dredging
Operations research program. Further funding to apply this research to field contaminated samples and
understand applicability of the genetic assays to screen for toxicity of water and sediment contaminated
with military-unique compounds will be sought under the ESTCP program to ensure application to other
ingalations. Thereis srong recognition within the scientific and risk assessment community of the
importance of thiswork, and we are currently seeking funding to perform afield validation of laboratory
datato fully characterize both chemica and Site-specific variability of chemica toxicity and mixture
interactions.
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8. RECOMMENDATIONS

We generated awide body of information on the toxicity, mixture interactions, bioaccumulation
and critica body residues of explosive compounds in aquatic invertebrates. This body of information
will be rdlevant for conducting environmentd risk assessments a Army and DOD sites contaminated
with explosve compounds. The toxicity metrics (e.g., median letha concentrations, letha body
burdens) generated under this investigation were derived using laboratory experiments where clean
water or sediments were spiked with chemicas at different concentrations. The use of toxicity metrics
derived from laboratory exposures using spiked sediment or water as toxicity reference values for
effects assessment in risk assessments of explosive compoundsin aquatic systems should to be
vaidated prior to wide-scae use and application. Because of difficultiesin predicting the bioavailability
of explosive compounds in sediment, toxicity metrics expressed as concentration in environmentd
matrices (sediment or water) may not be appropriate to predict toxicity from exposures to field-
collected sediments. Toxicity metrics derived using tissue concentrations (i.e., critical body burdens or
CBRs) determined using spiked sedimerts are more likely to be rdigble toxicity reference values. The
vaidation of this gpproach usng awide variety of fied-contaminated sediments aswell asin situ
toxicity and bioaccumulation exposures a contaminated Stesis highly recommend as afollow-up
investigation to this project.

The trangtion of the gene assays as screening tools will require determining the specificity of the
assaysin relaion to awider range of contaminants, both in water and in sediment. 1n addition,
correlation of genetic markers to toxic responses and effects should be vaidated with field-
contaminated samples. We have developed severa rapid genetic assays that correlate with body
burden. To apply thisrapid screening to other species of concern will require development of species-

specific gene assays.
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Summary

Bioaccumulation and toxicity tests usng benthic invertebrates such as the estuarine amphipod
Leptocheirus plumulosus are typicaly used to assess the ecologica risk associated with contaminated
sediments Despite their ecologica and regulatory importance, little is known about such species a the
genetic leve. To begin understanding cdlular and genetic responses of L. plumulosus to contaminants,
we isolated severd of their genes and devel oped quantitative assays to measure the effects of water
exposures to 2,4,6-trinitrotoluene (TNT) and phenanthrene on gene expression. Redl-time polymerase
chain reaction (PCR) assays demonstrated that the expression of the genesfor actin and a
retrotrangposon, Hopper, was dependent on the exposure and tissue concentrations of those chemicals.
Our data suggests that exposure to the explosive 2,4,6-trinitrotoluene and phenanthrene may induce
movement of Hopper resulting in unexpected genotoxic results.

Keywords: Bioaccumulation, 2,4,6-trinitrotoluene, polyaromatic hydrocarbon, red time PCR,
retrotransposon

Introduction

The United States Army Corps of Engineers (USACE) is actively engaged in the development of
rapid and inexpensive screening tools for assessing adverse effects of sediment-associated
contaminants. To maintain proper navigation, the USACE manages the dredging and disposa of large
volumes of sediments potentidly contaminated with avariety of chemicas (e.g., polyarométic
hydrocarbons, polychlorinated biphenyls, and heavy metals). In addition, the U.S. Army has some 40
ingalations requiring cleanup of soils and sediments contaminated with explosives compounds such as
trinitrotoluene (TNT) and lead.

Benthic invertebrates are typicaly used in water and sediments toxicity tests for assessing the
potentid detrimental ecologica effects posed by contaminated sediments (Emery et al., 1997;
USEPA/USACE, 1998; USEPA, 2001). Chronic sublethd tests are expected to be more sengtive
indicators of the detrimenta environmentd effects of low to moderate levels of contamination due to the
longer exposure duration and the measurement of subletha responses such as growth and reproduction.
However, chronic toxicity tests are lengthy (weeks to months), labor-intensive, and typicaly expensve
(thousands of dollars per sample) (Gray et al., 1998). Rapid and inexpensive methods are needed for
screening large numbers of sediment samples containing moderate to low levels of chemicals.
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Gene-based assaysfor exposur e effectsin a benthic invertebrate

The sediment-dwel ling amphipod Leptocheirus plumulosus is routindy used for toxicity testing of
estuarine and marine sediments (USEPA, 2001) Rapid, gene-based assays that correlate to whole
organism effectsin L. plumulosus could be extremely useful as sediment toxicity and contaminant
bioavailability screening tools. We have designed severd redl-time polymerase chain reaction assays
(real-time PCR) assays to monitor gene expresson in L. plumulosus. Red-time PCR assays are
essentially modifications of PCR assays where product accumulation is monitored at the end of each
cycle (for review see Budtin, 2000). Many different approaches have been devel oped to monitor this
binding (e.g., Tagman assays, molecular beacons, and hybridization probes). The smplest approach
usesthe dye SYBR Green | (Bustin, 2000) whose fluorescence is 100 times greater when bound to
double stranded DNA. Asdouble stranded PCR product accumulates, more SYBR Green | isbound,
resulting in successvely higher levels of fluorescence. The concentration of the target cDNA
(representing mRNA isolated from the test organism) can then be determined from the point a which
fluorescence emerges from background by comparison to a control or known concentration standards.

Linkage of sub-lethal gene expression with lethal and sub-lethal effectsin L. plumulosus

Linkage of gene expresson assessment with whole organism effectsis essentid in the
development of red-time PCR assays as bioindicators of effects using rea-time PCR. For screening
tools to be ussful, evidence is required that gene expression assays can be correated with toxicity
observed at the whole organism scale. Using PCR primers targeting evolutionarily conserved geneswe
have isolated genes from L. plumulosus for actin, superoxide dismutase, pyruvate dehydrogenase and a
mobile genetic element, Hopper, a putative non-long terminal repest retrotrangposons (Perkins, in
preparation).

In 4-day water exposures of L. plumulosusto TNT and phenanthrene, gene expression, surviva
and tissue residues were assessed concomitantly. Red-time PCR assays for actin, a house kegping gene
involved in cytoskeeton structure and mobility, and Hopper gene expression normaized to 18SrRNA
were used to demondtrate the potentia for linking gene expression to the bicaccumulation and survival.

Leptocheirus plumulosus exposed to TNT exhibited a dramétic decrease in surviva at exposures
equal to or greater than amean body residue of 726 nmol g* wet wt (Fig 1). TNT dramatically affected
the expression of actin and Hopper. Increased expression levels of actin, and Hopper, normalized to
18S ribosomal rRNA transcript levels, were associated (Pearson product moment correlation r=0.861
and 0.914, respectively) with increasing subletha levels (0 - 500 nmol g* tissue) of TNT in the tissue
(Fig1). Increased gene expression with increasing sublethal body burden was also observed in other
genes such as a 60S ribosomal protein and b4, a cDNA with unknown function, (data not shown). A
generd increase in gene expression a low levels of TNT is consgstent with observations of increased
growth in L. plumulosus chronicaly exposed to low concentrations of TNT (Green et al., 1999).
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Phenanthrene promoted exposure effectsin L. plumulosus substantidly different from those
observed with TNT (Fig 2). Anincreasein Hopper expression was observed only at 0.011 mg L™
phenanthrene, the lowest concentration at which surviva was sgnificantly affected. At concentrations
grester than 0.011 mg L™, Hopper expression dropped to one-tenth of control level. No effect
occurred on actin expression in phenanthrene exposed L. plumulosus. Unlike TNT exposures, Hopper
expression levels did not correlate with phenanthrene tissue residue (Pearson product moment
correation r=-0.033, n=15).

Not al contaminants tested had significant effects on gene expression. Exposure of L.
plumulosus to concentrations of lead from 0 to 1.51 mg L™ had no significant effect on Hopper or actin
gene expression. Correlation of expression effects with either body resdue (TNT) or exposure
concentrations (phenanthrene) may be reflective of different mechanisms of toxicity or chemica
transformations. For both TNT and phenanthrene, high levels of Hopper gene expression occurred at
or prior to dgnificant effects on surviva being observed, suggesting that expression of this gene could be
indicative of sub-letha exposure effects. At levels where significant mortaity occurs, Hopper and actin
expression decrease to normal or below. If these assays are used to infer toxicity or exposure effects,
care must be taken to incorporate mortaity effects. However, basing determinations of toxicity solely on
gene expression data from exposures a or past lethal concentrations may lead to fase conclusons of
lower toxicity. Further tests varying exposure period and with lower concentrations will determine how
well effects in chronic exposures rel ate to effects on gene expression determined in short-term
exXposures.

While changes in gene expression of biomarkers do not directly imply deleterious effects,
changes in expression and number of Hopper retrotrangposons may directly cause significant long-term
effects on populations since retrotransposons are most active in germ-cdl lines (Zhao and Bownes,
1998; Stuart et al., 2001). Transcription levels of reverse transcriptases are thought to be the rate-
limiting step in transpogition (Mathais and Scott, 1993). Therefore, increased expression of Hopper
could lead directly to genotoxic effects due to increased retrotransposition. We have found the number
of Hopper copiesto increase 3.2-fold in L. plumulosus genomic DNA &fter 4-days exposureto TNT
(Perkins, in preparation). Retrotrangposons similar to Hopper have been documented to cause awide
range of effects on genetic diseases and cancer (Miki et al., 1992, Hagan and Rudin, 2002), double
strand DNA break repair (Teng et al., 1996; Tremblay et al., 2000; Morrish et al., 2002), expression
of adjacent genes (Speek, 2001), and interruption of genes creating pesticide resistant insects (Gahan et
al., 2001).

Concluson

We have isolated a number of genes from widely employed sediment bioassay organism,
Leptocherus plumulosus, including actin and severd putative mobile genetic dements. Complex
patterns of gene expresson are observed in L. plumulosus exposed to different contaminants. Gene
expression of actin and a putative retrotransposon, Hopper, was directly related to bioaccumulation of
TNT prior to the onset of significant mortdity. Phenanthrene effects on Hopper resembled a threshold
effect where increased expression of was observed at phenanthrene levels causing significant mortality,
but higher levels of exposure sgnificantly reduced Hopper expression. Genetic markers such as
Hopper could serve as measures of genotoxic potential.
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Figurel.

Geneexpressonin L. plumulosus as afunction of TNT tissue resdue. Solid circles represent levels of
actin and open circles levels of Hopper gene expression in exposures. Expression was normalized to
18S rRNA copies and is relative to unexposed controls. Error bars indicate real-time PCR assay
replicates for each exposure replicate. The dashed line represents the number of survivors after four
days exposure out of 100 individuds.
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Figure 2.

Gene expression in L. plumulosus as function of phenanthrene water concentration. Solid circles
represent levels of actin and open circles levels of Hopper gene expression in exposure replicates.
Expression was normalized to 18S rRNA copies and is relative to unexposed controls.  The dashed
line represents the number of survivors after four days exposure out of 100 individuas.
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SUMMARY

Trangposable dements (TE) are thought to play a significant role in adaptation and evolution of
genomes viainsertions, deletions and nonhomol ogous recombination'. Mobilization of TEswould
permit rapid adaptive responses to environmental shocks %, Y et, with the exception of plants and
microbes, few examples exist where trangposition occurs in response to chemica stress. We have
isolated severd genesfrom Leptcheirus plumulosus similar to retrotrangposons and transposons. L.
plumul osus must adapt to many different chemicas as it feeds on sediment particles in estuaries from
New England to Northern Florida in the United States*. Transcripts of two non-L TR retrotransposons
and two trangposons accumul ated with exposure to increasing amounts of 2,4,6-trinitrotoluene (TNT).
Hopper expression also increased at lowest observable effect concentrations for survival in
phenanthrene and lead acetate exposures. Sublethd levels of TNT increased hopper genomic copy
numbers 3.2-fold indicating hopper is an actively trangposing dement. Increased trangposition
correlated with changes in genomic DNA amplified fragment length polymorphisms.  Mobilization of
TEs in response to chemica stress provides L. plumulosus an opportunity for rapid genome remodeing
and adaptation to an environmental stressor.
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Weisolated severd different TEsfrom L. plumulosus. Eighteen different clones grouped into at leest
12 subgroups of related sequences were isolated with high degrees of smilarity to retrotrangposons and
trangposons (Table 1). Severa of these clones were aso smilar to conserved reverse transcriptase
protein domains of retrotrangposons and conserved transposase domains of transposons (Table 1).
Sequence smilarities and phylogenetic tree recongtructions indicate that L. plumul osus possesses at
least three of the five known distinct groups of TES, excison-based DNA transposons related to the
Tcl/Mariner family, replication based long termina repeet (LTR) retrotransposons related to the
Gypsy/Ty-3 family, and replication based non-L TR retrotransposons (Table 1). The clones tank,
tank.1, stealth, stealth.1, LpTcl, and LpTcl.1 are related to the Tcl/Mariner DNA trangposon family
(Fig. 1). The clone ranger isrelated to the Gypsy/Ty-3 LTR retrotrangposon family. Non-LTR
retrotrangposons have been separated into 11 clades based upon reverse transcriptase domain
smilarities®. The clones dredger, hopper, hopper.1, hopper.2, hopper.3, LpRt1, and LpRt1.1 are
related to the Jockey clade (Fig. 2). The clone LpRt is related to the RTE clade. The clones LpRt2,
LpRt3, LpRt4, and LpRt5 are related to the CR1 clade (Fig. 2).

Studies of plants and humans suggest that TES are inducible by stress ®2, We tested the hypothesis
that the probable TEsisolated from L. plumulosus would be affected by exposuresto chemica stress.
We used semiquantitative, redl time PCR assays to assess the effect of TNT contamination on TES
present in L. plumulosus. The expression of four clones were examined, the LTR retrotransposon
ranger, the non-L TR retrotrangposon hopper, and the transposons stealth and tank. A fifth clone,
hopper.2, was examined that contains a 152-bp deletion in the reverse transcriptase coding region, but
is otherwise 95.6% identical to hopper.

Adult amphipods were exposed to 0, 0.1, 0.25, 0.5, 1.0 and 2.0 mg L™ TNT in an atempt to
induce TEs. After 4-days of exposureto TNT, we observed significant decreasesin surviva at tissue
residues greater than 726 nmol g* wet wt (Fig. 3). TNT degraded in solution over time resulting in
different exposures on amg L™ TNT basis (data not shown) therefore exposure to TNT was measured
asthe totd amount of chemicd origindly inthe form of TNT entering an animd (tissue residue).
Transcript levels from dl TES, except hopper .2, increased with sublethal doses up to 500 nmol TNT ¢*
tissue (Spearman ranking r = 0.927, P=0.0067) of TNT inthetissue (Fig 3). At TNT doses
gpproaching lethal concentrations, expression of ranger and hopper reverse transcriptases and
expression of stealth and tank transposases decreased to basal levels. No expression of the reverse
transcriptase of hopper.2 was observed in control or exposed populations. This observation is
congstent with predictions that hopper.2 is a defunct copy of hopper due to adeletion in the reverse
transcriptase domain.
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To determine if other compounds could affect TEs of L. plumulosus, we examined the effects
of lead and the polyaromatic hydrocarbon phenanthrene on hopper and actin. Adult amphipods were
exposed to 0, 7, 11, 22, 34 and 50 ug L™ phenanthrene. After 4-days of exposure, hopper transcripts
increased at the lowest concentration a which surviva was sgnificantly affected (18.1% reduced),
0.011 mg L™ phenanthrene (Fig. 4). At higher concentrations, hopper levels dropped to one-tenth of
controls. Unlike TNT exposures, hopper expression levels did not correlate with phenanthrene tissue
resdue (Spearman r =-0.6571, p = 0.175). 4-day exposures of amphipodsto 0.03, 0.12, 0.16, 0.74,
and 1.51 mg L™ lead resulted in asignificant decrease in surviva (16.7%) only at the highest leve of
lead tested (Fig. 5). Notably, expression of hopper was 2.14 £ 0.48 (Student’ st-test p=0.0124)
higher than controls at 1.51 mg L™ lead. For TNT, phenanthrene, and lead high levels of TE transcripts
occurred a or immediatdy prior to Sgnificant effects on surviva. These observations suggest that high
levels of stress, approaching lethdity, may be related to activation of TES rather than achemica specific
response.

Transcription levels of reverse transcriptases are thought to be the rate-limiting gep in
transposition of retrotrangposons such as human LH1 °. High frequencies of | dement mediated
insertions and rearrangements in Drosophila melanogaster are caused by afive-fold increasein | dement
expresson ** 1. Therefore we hypothesized that increased expression of hopper would lead to
increased replicative transpogition. To test whether increased transcription resulted in increased
trangpogition and integration of more copies of hopper, we exposed five replicate populations of 20
juvenile L. plumulosus to sublethal levels of TNT (0.5 mg L™) for four days. Individuals from within a
replicate were pooled, DNA extracted, and treated as one replicate population. We compared genomic
copy numbers of hopper in exposed and unexposed replicate populations using quantitative, red time
PCR (Fig. 6). The average copy number of hopper in TNT exposed populations was 3.2-fold higher
than control populations (Student’ s t-test p=0.0386). This data indicates that chemical stress can
mobilize retrotrangposons within L. plumul osus.

Mohbilization and insertion of TES has many effects. Active trangposition has long-term effectson
populations Since many retrotransposons are active in germ-cdll lines*. A wide range of effects have
been documented including buffering of genome from chromaosoma degradation by expanson of
tdomeric ends *, involvement in genetic diseases and cancer “, double strand DNA bresk repair *°,
generegulation *° and interruption of genes leading to pesticide resistant insects /. Each of these effects
are expected to impact the structure of the genome. We examined the genomic DNA of populations
exposed to TNT to determine whether transposition, as evidenced by increased copy numbersin the
case of hopper, corrdated with changesin the genome. We used amplified fragment length
polymorphism analyss (AFLP) to detect changesin genomic DNA isolated from exposed and control
populations 2.

As copy numbers of hopper increased in a population, the number of AFLP fragments
observed decreased (Pearsonr = -0.769, P vaue = 0.0094, Fig. 6) and AFLP profiles changed (data
not shown). Correation of hopper copy number and AFLP fragment number indicates significant
changes occurred in genomes where active trangposition has occurred. DNA damage may aso be
involved in dteration of AFLP patterns since randomly amplified polymorphic DNA patterns change
with damage *® and TNT can cause DNA damage®.
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Our findings indicate thet the genome of L. plumulosus contains at least three different families
of TEs. Four TEs were found to be transcriptionally active and at least one, hopper, actively transposes
under chemicd dress. Although we tested only alimited number of chemicas and one metd, hopper
transcript levels appear to be more closdy related to the level of stress or lethdity rather than
specificdly to any of the three toxicants. TNT, lead, and polyaromatic hydrocarbons such as
phenanthrene can cause DNA damage % and retrotransposons have been implicated in DNA repair °
leading us to suggest that hopper and other retrotransposons may be responding to genotoxic effects
such as DNA lesions. Our datais congistent with McClintock’ s genome shock theory? where
environmental shock, here near lethal concentrations of contaminants, would result in genomic shock,
here mohilization of TES, providing L. plumul osus an opportunity for rapid genome remodeing and
adaptation to an environmental stressor.

Materials and methods
Exposure media.

A TNT spiking stock was prepared for each water trestment by combining **C-labeled TNT to
non-radiolabeled TNT in the appropriate volume of acetone. Radiolabded trinitrotoluene (**C-TNT,
23.6 Ci/moal, 99% radiochemica purity) was purchased from New England Nuclear Research Products
(Boston, MA). Non-radiolabeled TNT (99% purity) was purchased from Chem Service (Westchester,
PA, USA). Exposure water was prepared by spiking 0.5 ml of TNT acetone stock to each liter of
atificid seawater. The target radioactivity in al exposure water treatments was 5,000 dpm/ml. The
target TNT concentration in water trestments were 0.25, 0.5, 1.0, 3, and 6 mg L™; actua mean
measured concentrations for experiment start and day three were 0.38, 0.66, 1.39, 3.79, and 7.39 mg
L™, The control trestment consisted of a0.5 ml/L acetone solution. A phenanthrene (PHE) spiking
stock was prepared for each water trestment by combining *C-labeled PHE to non-radiolabeled PHE
in the appropriate volume of acetone. Radiolabeled trinitrotoluene (*C-PHE, 23.6 Ci/mol, 99%
radiochemica purity) was purchased from New England Nuclear Research Products (Boston, MA).
Nontradiolabeled PHE (99% purity) was purchased from Chem Service (Westchester, PA, USA).
Exposure water was prepared by spiking 0.5 ml of PHE acetone stock to each liter of artificia
seawater. The target radioactivity in al exposure water trestments was 100 dpm/ml. Target PHE
concentrations in water trestments were 0.007, 0.021, 0.032 and 0.047 mg L™ ; actual mean measured
concentrations for experiment start and day three were 0.0074, 0.011, 0.021, 0.033, and 0.050 mg L
!, The control trestment consisted of a 0.5 ml/L acetone solution. For lead, exposure water solutions
were preparing by adding the appropriate volume of a concentrated lead chloride agueous (3,000 mg L
1 solution to artificial seawater. The target lead concentration in water trestmentswere 0.1, 0.2, 1.0,
and 2 mg L™; actual mean measured concentrations for experiment start and day three were 0.03, 0.12,
0.16,0.74, and 1.51 mg L™,
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Agueous exposures.

Adults (3-8 mg) laboratory cultured Leptocheirus plumulosus ** were exposed agueous
solutions of TNT, phenanthrene and lead for 4 days. Amphipods were exposed in 4-L beakers. Four
beakers were used for each treatment. Each exposure beaker received 100 organisms. Beakers were
placed in awater bath at 23°C under gold fluorescent lights at a 16:h-8h light:dark cycle. Beskers were
not aerated and no food was provided. The exposure solution from each beaker was fully renewed
every 24 h. Exposure water was sampled for radioactivity determination (TNT and PHE) and chemica
andysis (Pb) at the beginning of the experiment and daily thereafter before and after each exposure
water renewd for monitoring compound concentration throughout the exposure period and to
determined compound volatilization and degradation following the 24-h period preceding each exposure
solution exchange event. One milliliter of water was transferred to 12-ml scintillation cocktail (3a70b;
Research Products I nternational) and “C-activity was quantified by liquid scintillation counting (LSC)
onaTricarb Liquid Scintillation Analyzer (Packard Instruments). At exposure termination, 3-5
amphipods were blotted dry, weighed, and transferred to 12-ml scintillation cocktail, and anayzed for
radioactivity as described above. Remaining amphipods from each beaker were rinsed with water,
blotted dry, weighed, and stored in a 3x volume of RNA-later (Ambion) at —80 °C until used for
chemicd and genetic andysis.

RNA isolation.

Tota RNA was isolated from 200 — 500 mg tissue (20-100 organisms) with an RNA green
isolation kit usng a mini-bead beater protocol and acid phenol extraction (Qbiogene) with the following
modifications. after precipitation of RNA from aqueous solution with isopropanol precipitation solution
rather than pelleted RNA, two liquid phases were observed. The lower phase was removed after
which 20 ul 12 M lithium chloride per 100 solution were added and RNA precipitated in amicrofuge at
14 x g. RNA pdlets were washed with 70% ethanol and suspended into 100 ul SAFE buffer.
Contaminating DNA was removed using DNase and a DNA-free DNase removal kit (Ambion) as
recommended by the supplier. RNA was quantitated using the RNA stain Ribogreen (Molecular
Probes) as recommended by the manufacturer. RNA was stored at —20 °C until needed.

Consensus-Degenerate PCR .

PCR primers used for isolation of conserved gene fragments are described in Fredrickson et a
2 Briefly, dignments present in the protein family database, Pfam #*, were used as input to the program
MAKEBLOCK and the consensus-degenerate primer design program, CODEHOP %. Primers were
checked for uniqueness againgt the GenBank sequence database using the GCG Wisconsin package
program FindPatterns (accelrys). Genomic DNA from L. plumulosus was isolated from 200 mg tissue
with FasDNA Kit (Qbiogene) using a mini-bead beater protocol. PCR reaction mixtures contained 75
ng of genomic DNA, 0.2 uM of dNTPs, 0.4 uM of primers, 500 mM KCl, 200 mM Tris-HCI (pH
8.3), 40mM MgCl,, 1 unit Taqg DNA polymerase (Stratagene) in atotal volume of 25 ul. Thereaction
mixture was heated 95°C for 5 min and followed by 30 cycles of 95°C for 30 sec, 55°C for 30 sec,
72°C for Imin. Thefina cycle was an extenson at 72°C for 10 min. PCR products were separated in a
20 x 20 cm, 7% non-denaturing Long Ranger'™ hydrolink gel (Cambrex). DNA was visuaized after
gaining with SYBR Green | dye (Molecular Probes), using 310 nm trans|lumination and a Chemilmager
4000 CCD camera system (Alpha Innotech.)
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Cloning and sequencing of PCR fragments.

Bands were excised from gels usng arazor blade or the tip of an 18-gauge needle. PCR
fragments were purified by heating the gel dice with 100 ul dH,0 at 100 °C for 5 min. The heated gd
dice was removed by centrifugetion and the PCR fragment purified from solution by precipitation with 1
ul Pdlet Paint mussd glycogen co-precipitant (Novagen), 1/10 volume 3M Sodium Acetate (pH 5.2)
and 3 volumes ethanol. Precipitated DNA was resuspended into 10 ul TE. 1 ul isolated PCR fragment
was then reamplified using the primer sat used in the origind PCR reaction from which the band was
isolated. Successful reamplifications were purified using a QIAquick PCR Purification Kit (Qiagen
Corp.) according to manufacturer's protocols and cloned into the PCR fragment cloning vector
pPCR2.1-TOPO per manufacturers recommendations (Invitrogen). Plasmid DNA was isolated and
cleaned using a QlAprep Spin Miniprep Kit (Qiagen). Clones were sequenced using an ABI
3100automated capillary DNA sequencer (Applied Biosystems) and Big Dye Terminator V. 3
fluorescent dye terminator cycle sequencing kits (Applied Biosystems) as recommended. Prior to
sequencing, unincorporated dyes were removed using Centri- Sep purification columns (Princeton
Separations). Resulting sequences were identified by comparison of al possible reading framesto
known sequencesin the Nationa Center for Biotechnology Information's non-redundant protein
database using the programs BLASTX with BEAUTY pogt- processing provided by the Human
Genome Seguencing Center, Baylor College of Medicine .
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Gene expression analysis.

We designed red time PCR primers for 6 genes having high smilarity to reverse transcriptases,
or trangposase sequences using the software Primer Premier V. 4 (Premier Biosoft Internationd). The
primer sequences are: ranger (forward: CTGGTGGTTGCAGTCTTGTG, reverse:
TGGTATTCGTCCCTGTATCG), hopper.2 (forward: TTGAGGCCAGGATGGATG, reverse:
CCTATTCTGTCTAGGGTGTACGAG), hopper (forward: CGCAGCTTATGGAGCAATC, reverse:
TTTCTGCCTCCCAACCAA), tank (forward: TTTGCTATTTGGTCCATCTT, reverse;
CGTTTGAGCCTGAGTGCC), and gtedth (forward: ATGGAACCCTCGTCACTC, reverse:
CGTGCGTTCATAACTGTCT). QuantumRNA universa 18SrRNA primers (Ambion) were used to
determine abundance of 18SrRNA. We reverse transcribed 0.1 to 0.5 ug of total RNA into cDNA.
50 pmoles of random decamers were annealed to RNA in a 20 ul volume by hesating to 85 oC for 3
minutes followed by chilling on ice. Reactions were begun with 10 ul of cDNA synthesis mix composed
of 50 MM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl, 5 mM dithiothreitol, 0.4mM each
deoxynucleotide triphosphate, 3 units RNase inhibitor, and 30 units M-MLV reverse transcriptase
(Ambion). Reactions were placed at 42°C for 2 hrsfollowed by 5 min at 95°C to denature enzymes.
Reactions were diluted to 200 ul prior to rea time PCR assays. Redl-time PCR assays were performed
using an iCycler red-time PCR machine (BioRad). Five replicate reactions were performed for each
treatment replicate. Real-time PCR reactions were composed of 50 mM KCl, 10 mM Tris-HCI (pH
9.0 a 25°C), 1.0% Triton® X-100, 0.25 mM each deoxynucleotide triphosphate, SYBR Green | mix
[final concentration of 5% dimethylsulfoxide, a 1/10,000 dilution of SYBR Green |, Img mi™ bovine
serum abumin, 1% Tween® 20], 0.5 units Taq polymerase (Promega), 0.5 mM primers, and 2ul
cDNA (representing gpproximately 2.5 ng total RNA) in afind volume of 20 ul. PCR conditions were
3 min a 95°C, followed by 50 cycles of 95°C for 30 sec, 55°C for 45 sec, and 72°C forl min.
Fluorescence of primer dimer products may overestimate abundance of desired PCR products. To
minimize primer dimer interference, data was collected after extension at 72°C during each cycle by
insertion of a 10 second hold at atemperature, collection T, resulting in meting of primer dimers, but
not desired products. Amplification of desred PCR products was determined using a melting curve
from 55 °C to 95 °C in 0.4 °C increments.

Quantification of hopper DNA and RNA.

We tested the effect of sublethd levelsof TNT on hopper genomic copy number and
expression levels by exposing five replicate populations of 20 juvenile L. plumulosus for four-day to 5
mg L™ TNT in parald with five replicate control populaions. We pooled individuas within a replicate
population and extracted genomic DNA from each population usng FastPrep mini-bead beater
(Qbiogene) and TRIzol reagent (Invitrogen) as recommended by the manufacturer. Abundance of
hopper in genomic DNA was determined by red time PCR and levels between samples were
normalized to relative amounts of L. plumulosus superoxide dismutase gene, SOD2 (forward primer:
TTTTCACAAGCCAGCACCAG, reverse primer: CGGCGAGTTTGAGCCATAA). Red time PCR
conditions for genomic DNA were as described above.



AFLP analysis.

AFLP andysis was performed using an AFLP plant mapping kit (Applied Biosystems) and an
ABI 3100 capillary sequencer (Applied Biosystems) as recommended by the manufacturer. AFLP
products amplified using the selective primer combination Msel-CAA and EcoRI-ACT were szed with
aninternd sze standard, Rox dye-labeed Genescan 500 (Applied Biosystems). AFLP patterns were
captured and peaks were assigned base pair sizes using GeneScan analysis software (Applied
Biosystems). Genotyper software (Applied Biosystems) was used to assemble a data matrix scoring for
presence or absence of aband from 75 to 500 bp in size.

Phylogenetic reconstruction.

We compared the L. plumulosus reverse transcriptase and transposase open reading frame
trand ations with reverse transcriptase or trangposase domains of highly smilar or those representing
different clades of each domain. We used quartet- based maximum-likelihood phylogenetic andys's
implemented in the software package PUZZLE 4.0.2 to generate a neighbor-joining tree based on
amino acid data®’. Quartets are bifurcating trees based on subsets of four individuals that can be
combined into an overal tree when the st of dl individudsis combined. Each puzzling step is analogous
to a bootstrap replicate. The program TREEVIEW 1.5.2 was used to display and print neighbor-joining
trees %,

Data analysis.

Threshold vaues of fluorescence (C,) obtained for red time reactions were andyzed for
differences between experimenta organisms and control organisms by determining retios of
experimentd to control C; values usng the following formula: target expresson rdive to control =
(efficiency of amplification of target PCR product) (0 &verage € sampleC) - A hap)ute copy humbers of
hopper transcripts and genomic copies were determined by comparison to C; vaues of a standard
curve of known quantities of cloned hopper DNA. Expression ratios between samples were normaized
to 18S rRNA as ameasure of total RNA of samples relative to controls. Absolute numbers of hopper
genomic copies were normalized between samples using relaive amounts of SOD2. Relaive expresson
vaues were identified as outliers and excluded from analyssif they were in excess of one sandard
deviation from the mean. Students t-test was used to assess the significance of observed differences as
implemented by Excel (Microsoft). Correlations of genetic data were performed using GraphPad Prism
3.0 (GraphPad Software Inc.). Statisticd analysis of chemistry, surviva and growth data was conducted
usng Sigma Stat version 2.03 (Jandd Scientific). Satigticad andyss was conducted using nomind
chemica concentration vaues due to difficulties associated with measuring explosivesin sediment.
Significant differencesin surviva and growth of organisms were detected using one-way andyss of
variance (ANOVA) and comparisons between treatments were determined using Bonferroni’ s t-test.
Where results did not have anormd digtribution, ANOVA on ranks was used followed by Dunn’s
method for multiple comparisons. For the purposes of these experiments a vaue of p < 0.05 was used
for testing of sgnificancefor dl Setidticd tests.

Acknowledgements

Regina O'Leary, Karl Indest, Laura Inouye, and Herb Fredrickson are acknowledged for
technical and editorid assgance. Thisinvestigation was conducted with funds provided by the
Strategic Environmenta Research and Devel opment Program of the United States Department of
Defense. Permission was granted by the Chief of Engineersto publish thisinformation.



Competing inter ests statement
The authors declare that they have no competing financid interests.

85



86

Literaturecited

1.

10.

11.

12.

13.

14.

15.

16.

Burwinkd, B. & Kilimann, M. W. Unequa homologous recombination between LINE-1
elements as amutationa mechanism in human genetic diseese. J. Mal. Biol 277, 513-517
(1998).

McClintock, B. The significance of responses of the genome to chdlenge. Science 226, 792-
801 (1984).

Kidwdl, M. G. & Lisch, D. R. Trangposable el ements and host genome evolution. Trends Ecol.
Evoal. 15, 95-99 (2000).

Bousfidd, E. L. Shallow water Gammeridean Amphipoda of New England. (Corndl Universty
Press Ithaca, NY, 1973).

Malik, H.S,, Burke, W.D., & Eickbush, T.H. The age and evolution of non-LTR
retrotransposable elements. Mal. Bial. Eval. 16, 793-805 (1999).

Beguirigan, T., Grandbastien, M.A., Puigdomenech, P., & Casacuberta, JM. Three Tntl
subfamilies show different stress-associated patterns of expression in tobacco. Consequences
for retrotrangposon control and evolution in plants. Plant Physiol. 127, 212-21 (2001).

Mordes, JF., Show, E.T., & Murnane, J.P. Environmenta factors affecting transcription of the
human L1 retrotransposon. |. Steroid hormone-like agents. Mutagenesis. 17, 193-200 (2002).

Rudin, C.M., & Thompson, C.B. Transcriptional activation of short interspersed e ements by
DNA-damaging agents. Genes Chromosomes Cancer. 30, 64-71 (2001).

Mathias, S.L., & Scott, A.F. Promoter binding proteins of an active human L1 retrotransposon.
Biochem. Biophys. Res. Commun. 191, 625-632 (1993).

Lim, JK., & Simmons, M.J. Gross chromosome rearrangements mediated by transposable
elements in Drosophila melanogaster. Bioessays. 16, 269-275 (1994).

de LaRoche Saint Andre C., & Bregliano, J.C. Evidence for amultistep contral in trangposition
of | factor in Drosophila melanogaster. Genetics. 148, 1875-1884 (1998).

Zhao, D., & Bownes, M. The RNA product of the Doc retrotransposon is localized on the
Drosophila oocyte cytoskeleton. Mol. Gen. Genet. 257, 497-504 (1998).

Arkhipova, I.R., & Morrison, H.G. Three retrotrangposon families in the genome of Giardia
lamblia: two telomeric, one dead. Proc. Natl. Acad. Sci. U SA. 98, 14497-14502 (2001).

Miki, Y. et al. Disruption of the APC gene by aretrotransposal insertion of L1 sequencein a
colon cancer. Cancer Res. 52, 643-645 (1992).

Morrish, T.A. et al. DNA repair mediated by endonuclease-independent LINE-1
retrotransposition. Nat. Genet. 31, 159-165 (2002).

Jordan, |.K., Rogozin, 1.B., Glazko, G.V., & Koonin, E.V. Origin of asubgtantia fraction of
human regulatory sequences from transposable eements. Trends Genet. 19, 68-72 (2003).



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

87

Gahan, L.J., Gould, F., & Heckd, D.G. ldentification of a gene associated with Bt resstancein
Heliothis virescens. Science. 293, 857-860 (2001).

Vos, R. et al. AFLP: anew technique for DNA fingerprinting. Nucl. Acids. Res. 23, 4407-
4414 (1995).

Atienzar, FA., Venier, P., Jna, A.N., & Depledge, M.H. Evaluation of the random amplified
polymorphic DNA (RAPD) assay for the detection of DNA damage and mutations. Mutat.
Res. 521, 151-163 (2002).

Homma-Takeda, S. et al. 2,4,6-trinitrotoluene-induced reproductive toxicity via oxidative
DNA damage by its metabolite. Free Radic. Res. 36, 555-566 (2002).

Ross, JA., & Nesnow, S. Polycyclic aromatic hydrocarbons: correl ations between DNA
adducts and ras oncogene mutations. Mutat. Res. 424, 155-166 (1999).

Wozniak, K., & Blasiak, J. Invitro genotoxicity of lead acetate: induction of single and double
DNA strand breaks and DNA-protein cross-links. Mutat Res. 535, 127-139 (2003).

Fredrickson, H.L. et al. Towards environmenta toxicogenomics - development of a flow-
through, high-density DNA hybridization array and its application to ecotoxicity assessment.
Sci. Totd Environ. 274, 137-149 (2001).

Bateman, A. et al. The Pfam protein families database. Nucleic Acids Res. 30, 276-280
(2002).

Rose, T.M. et al. Consensus-degenerate hybrid oligonuclectide primers for amplification of
distantly related sequences. Nucleic Acids Res. 26, 1628-1635 (1998).

Worley, K.C., Culpepper, P., Wiese, B.A., & Smith, R.F. BEAUTY -X: enhanced BLAST
searches for DNA queries. Bioinformatics 14, 890-891 (1998).

Srimmer, K., & von Haesdler, A. Quartet puzzling: a quartet maximum likelihood method for
reconstructing tree topologies. Mal. Biol. Evol. 13, 964-969 (1996).

Page, R.D.M. TREEVIEW: an gpplication to display phylogenetic trees on persona computers.
Computer Appl. Biosci. 12, 357-358 (1996).

Jones, D.T., Taylor, W.R., & Thornton, JM. Therapid generation of mutation data matrices
from protein sequences. Comput Appl Biosci. 8, 275-282 (1992).

Henikoff, S, & Henikoff, J.G. Amino acid substitution matrices from protein blocks. Proc.
Natl. Acad. Sci. U SA. 89, 10915-10919 (1992).

Emery, V.L., J., Moore, D.W., Gray, B.R., Duke, B.M., Gibson, A.B., Wright, R.B., &
Farar, JD. “Deveopment of a chronic sublethal sediment bioassay using the estuarine
amphipod Leptocheirus plumulosus (Shoemaker),” Environ. Toxic. Chem. 16,1912-1920.
(1997).



Tablesand figures:

Table 1. Putative retrotransposons and trangposons cloned from L. plumulosus
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Clone Clone® | Superfamily ® | Smilarity © Domain ¢
P450 6-3L5 Ranger L TR-retrotransposon, | Arabidopsis thaliana Putative retroelement reverse transcriptase similar to rvt, E=1.8e12
aypsy/Ty-3 gypsy/Ty-3 retroelement (P = 1.2e-16)
P450 1-1L.2 Dredger Non LTR-ike Drosophila melanogaster retrotransposon Jockey reverse transcriptase (P = rvt, E = 6.1e-15
retrotransposon, 2.7e-11)
Jockey
Actin 1-1L4 Hopper D. simulans reverse transcriptase (P = 3.2e-11) rvt, E = 1.5e-07
Actin 1-1L5 Hopper.1 D. simulans reverse transcriptase rvt, E = 8.7e-15
(P=14e12)
Actin 1-2L.3 Hopper.2 D. simulans reverse transcriptase rvt, E=3.0e4
(Sum P(2) = 6.0e-06)
Actin 1-3L4 Hopper.3 D. simulans reverse transcriptase (P = 4.2e-08) rvt, E = 3.1e-06
SOD 2-3L1 LpRt1l Lymantria dispar gypsy moth LDT1 non-LTR retrotransposon putative
endonuclease/reverse transcriptase (Sum P(2) = 2.1e-4)
SOD 24L5 LpRt1.1 Chironomus tentans NRLCt2 non-L TR reverse transcriptase from (P = 5.4e- rvt, E=2.4e4
08)
Topo 41L3 LpRt Non LTR-like Bos taurus retrotransposon reverse transcriptase (Score = 169 (59.5 bits), P =
retrotransposon, RTE [ 2.9e-11) sequence
P450 1-1L4 LpRt2 Non LTR-like Schistosoma mansoni SR1 non-L TR retrotransposon reverse transcriptase (P = rvt, E = 3.8e-12
retrotransposon, CR1 | 9.1e-15)
P450 1-3L4 LpRT3 S mansoni  SR2 reverse transcriptase [synthetic construct] (Sum P(2) = 7.2e-
18)
Cyclin 1-1L.2 LpRT4 S mansoni SR2 reverse transcriptase [synthetic construct] (Score = 127 (44.7
bits), Sum P(2) = 2.0e-08)
Cyclin 1-3L2 LpRT5 Gallus gallus CR1 (P = 7.5e-10) rvt, E = 6.6e-4
SOD 2-4L2 Tank Tcl/mariner Caenorhabditis elegans probable transposase KO3H6.3 (P = 6.2e-12)
transposon
P450 1-1L1 Tank.1 C. elegans probable transposase KO3H6.3 (Sum P(2) = 3.6e-06)
P450 1-1L5 stealth Bombyx mori Bmmarl mariner transposon transposase (P = 2.4e-08)
P450 6-1L1 stealth.1 B. mori Bmmarl mariner transposon transposase (P = 4.0e-08)
Topo 6-2L5 LpTcl Anopheles albimanus Quetzal: a Tcl transposon (Sum P(2) = 8.3e-07) Transposase 5, E =
5.9e-08
Topo 62L3 LpTcl.l A. albimanus Quetzal: a Tcl transposon (Sum P(2) = 1.3e-4)

@ Different clones within aclosdly related subgroup are represented by identical names followed by a
version number (e.g. hopper and hopper.1). ° Superfamilies of related retrotransposons eements as
described by Malik et al®. ¢ Highest smilarity match of dloned fragment to proteinsin the National
Center for Biotechnology Information's non-redundant protein database using the programs BLASTX.
Sum P(2) indicate sum of probabilities for two noncontiguous open reading froames. ¢ Similarity to
protein domain family multiple sequence dignmentsin Pfam 8.0 %, rvt= Reverse transcriptase (RNA-
dependent DNA polymerase). Trangposase 5= Trangposase. E-vaue (expectation) is the number of
hits that would be expected to have a score equa or better than this by chance done.
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Figure 1. Comparison of probable transposases of L. plumulosus to transposases of Tcl/mariner-like

transposons.
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An dignment of the trangposase domains of 13 sequences with 92 amino acid Steswas used in
congruction of a quartet puzzling (a mgority-rule consensus) neighbor-joining tree with maximum-
likelihood branch lengths. One thousand steps were performed using a JT T substitution matrix 2. Of
715 analyzed quartets, 15.1% were unresolved. Support for the internd branches is shown as
percentages of smilar branching occurrencesin 1,000 iterative puzzling trees. Nodes without vaues
occurred in fewer than 50% of thetrees. D.melanogaster HB-1 = Drosophila melanogaster
trangposon HB- 1 (GenBank accession number CAA258384), A gambiae Topi | = Anopheles gambiae
transposon Topi |, Tcl-like trangposase (AADO03792), Stealth = Leptcheirus plumulosus probable
trangposon Stedlth. B. mori Bmmar1 = Bombyx mori mariner trangposon Bmmarl (AAB47739), C.
elegans KO3H6.3= Caenorhabditis elegans probabl e transposase KO3H6.3 (T33011), C. elegans
Tcl= C. elegans Tcl transposase (P03934), C. briggsae TC2 = C. briggsae transposase Tcb2
(AAA28149), C. elegans ko7c6.14 = C. elegans ko7c6.14 hypothetica protein with Smilarity to
transposase (AAB94256), C. elegans F11D11.2 = C. elegans F11D11.2 hypothetica protein with
amilarity to transposase (CAB04094), C. elegans Tc3 = C. elegans trangposable element Tc3
transposase (P34257), D. heteroneura Uhu = D. heteroneura Uhu e ement transposase
(CAA44763), LpTcl = L. plumulosus probable transposon LpTcl, A. albimanus Quetzd =
Anopheles albimanus Quetzal transposase (AAB02109). The clonestank and tank.1 did not have
aufficient overlgp with the aligned transposase region therefore were not included in tree recongtruction.



90

Figure 2. Comparison of probable reverse transcriptases of L. plumulosus to reverse transcriptases of
LTR and non-L TR retrotrangposons.
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An dignment of reverse transcriptase domains from 13 sequences with 97 amino acid Steswas used in
congtruction of a quartet puzzling (amgority-rule consensus) neighbor-joining tree with maximum-
likelihood branch lengths. One thousand steps were performed using a blosum 62 substitution matrix .
Of 715 analyzed quartets, 13.1% were unresolved. Support for the interna branchesis shown as
percentages of smilar branching occurrencesin 1,000 iterative puzzling trees. Nodes without vaues
occurred in fewer than 50% of the trees. S. mansoni SR1= Schistosoma mansoni SR1 non-Long
Termind Repeet (LTR) retrotrangposon (GenBank accession number AAC06263), G. gallus CR1 =
Gallus gallus CR1 non-L TR retrotrangposon (AAC60281), A. gambiae Q = Anopheles gambiae Q
retrotransposon (T43020), C. elegans RTE-1 = C. elegans RTE-1 non-L TR retrotransposon
(AAK39312), D. melanogaster Jockey = D. melanogaster Jockey element (AAA28675), Hopper =
L. plumulosus probable retrotransposon hopper composite, LpRt2 = L. plumulosus probable
retrotrangposon LpRt2, LpRt5 = L. plumul osus probabl e retrotransposon LpRt5, B. mori R2BM = B.
mori rDNA insertion element R2 (AAB59214), Human LIN1 = human LINE-1 reverse transcriptase
homologue (P08547), Ranger= L. plumulosus probable retrotransposon ranger, D. melonogaster
Gypsy = D. melonogaster retrotransposon gypsy POL polyprotein (P10401), A. thaliana Tn =
Arabidopsis thaliana putative retrodement POL polyprotein (AAC69377). The clones dredger,
LpRt1, LpRt1.1, LpRt, LpRt2, LpRt3, LpRt4, and LpRt5 did not have sufficient overlgp with digned
reverse transcriptase domain therefore were not included in tree reconstruction.
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Figure 3. Ranger and hopper reverse transcriptase and stedlth and tank transposase transcripts
accumulate as afunction of TNT tissue residue and survivad in L. plumulosus.
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TNT residue represents the total amount of radiolabeled compounds measured in tissues. Expression

was normalized to 18S rRNA copies and isrelative to that of unexposed controls. Error barsindicate
real-time PCR assay replicates for each exposure replicate. The dashed line represents the number of
aurvivors after four days exposure out of 100 individuals
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Figure 4. Hopper reverse transcriptase transcripts accumulate as a function of phenanthrene exposure
and survivd in L. plumulosus.
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Solid circles represent each exposure replicates of hopper reverse transcriptase expression. Open
circles are hopper replicate outliers excluded from andysis. Expression was normdized to 18S rRNA
copies and isrelative to that of unexposed controls. Error bars indicate red-time PCR assay replicates
of hopper expression levelsfor each exposure replicate. The dotted line represents the number of
survivors after four days exposure out of 100 individuals.
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Figure 5. Hopper reverse transcriptase transcripts accumulate as afunction of lead accumulation and
aurvivd in L. plumulosus.
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The solid line indicates means values for exposure replicates. Solid circles represent each exposure
replicates of hopper reverse transcriptase expression. Open circles are Hopper replicate outliers
excluded from andysis. Triangles represent actin exposure replicate values. Expression was normdized
to 18SrRNA copies and is relative to that of unexposed controls. Error bars indicate red-time PCR
assay replicates for each exposure replicate. The dotted line represents the number of survivors after
four days exposure out of 100 individuas. Asterisks indicate means sgnificantly different from controls.
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Figure 6. Corrdation of AFLP fragments with hopper genomic copy number.
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Hopper copy number and AFLP andyss were determined from replicates conssting of populations of
20-pooled individuas. Copy number values are relative to the mean value of controls. Solid circles
represent populations exposed to 5mg L ™ TNT and open circles control populations.
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Appendix A2: Technica reports:
None

Appendix A3: Conference/Symposium Proceedings Papers (other than Abstracts) that are scientificaly
recognized and referenceable:
None

Appendix A4: Published Technicd Abstracts

Diedrich, M., E. Perkins, T. Bridges, and H. Fredrickson. Nov. 2000. Transcriptiona-leve
responses of sedimentary macrofaunato explosves. Society of Environmenta Toxicology and
Chemistry 21% Annua medting. Nashville, TN. November, 2000.

Rapid methods for generating meaningful sub-letha toxicity data on sediments containing
moderate to low levels of explosives are needed to discriminate between sites requiring active
remediation from those where active remediation would be more detrimental than passive
remediaion. Two marine (Neanthes arenaceodentata, Leptocheirus plumulosus) and 2
freshwater (Hyalella azeteca and Chironomus tentans) macrofauna species were chronicaly
exposed to TNT in a dose-response format. After exposure, whole-organism end points
(mortdity, growth, and reproductive success) were compared to gene expression levelsin the
organiams. High-density DNA arrays were developed to monitor stress response and nove,
explogves respongve gene expression levels. Microarrays were created using cloned gene
fragments from two different sources- conserved genes and novel genes identified by differentia
expression in responseto TNT. Fragments of known stress response genesin the test species
were isolated using consensus-degenerate primers. 100 to 200 gene fragments were cloned
from each organism and identified by sequencing. Gene fragments were identified that were
smilar to actin, superoxide dismutase, DNA topoisomerase |, reverse transcriptase, and protein
kinases. Novel genes, whose expression was effected by TNT exposures, were isolated using
differentid display techniques (arbitrarily primed differentid display and restriction enzyme
differentiad display). Expresson of a putative p450 gene was found to increase over 80-foldin
response to TNT exposure before any whole organism effects were observed.

Diedrich, K., E. Perkins, and H. Fredrickson. Nov. 2000. DEODAS: DEgenerate
Oligonucleotide Design and Analysis System for design of DNA microarrays for environmental
assessment gpplications. Society of Environmenta Toxicology and Chemistry 21% Annud
meeting. Nashville, TN. November, 2000.

High-density DNA arrays enable the Smultaneous detection of thousands of genes and
measurement of their expression levels (e.g., toxicogenomics). DNA arraysfor assessng stress
and damage caused by pollutants to microorganisms have wide ranging gpplicationsin
toxicology, Ste assessment and bioremediation efforts. However, up to 99% of microorganisms
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in the environment are uncharacterized. Application of toxicogenomic drategies to native
organismsin the environment requires detection of genes whose exact sequences are often not
known. Consensus probes based on conserved protein sequences have been successfully used
to detect genesin rdated families. Trandation of a single protein sequence requires multiple
nucleic acid sequences to compensate for degeneracy of the nucleic acid code. Until now,
rationa design of consensus-degenerate oligonucl eotide probes and PCR primer pairs required
the use of multiple programs running on different computer platforms and required extensve
manud reformatting of data between applications. This was feasble when one protein of
interest was targeted, but this process rapidly becomes unwiddy when designing 10 - 1000
probes for high-density arrays. A GNU/Linux, PC-based system (DEODAYS) for designing and
eectronicaly anayzing consensus-degenerate probes was devel oped based on published
software tools: Clusta W, CODEHOP, and EMBOSS. DEODAS integrates these software
tools together to automatically design and screen probes in a batch format againgt existing
databases of gene sequences. This greatly decreases the amount of interactive time required to
design and screen probes. Output on designed probes is organized in a searchable database
that is used to examine the oligonucleotide data. The utility of DEODAS is demongtrated by the
design of oligonucl eotide probes targeting genes encoding enzymes involved in DNA repair,
metabolism of xenobiotics, and genera stress response in bacteria.

Duke, B.M., Lotufo, G.R., Bridges, T.S. and JA. Steevens. Toxicologicd evauation and
comparison of explosives using freshwater macroinvertebrates. Society of Environmenta
Toxicology and Chemistry 21% Annua meeting. Nashville, TN. November, 2000.

Explosives occur as contaminantsin soil, water, and sediment. The toxicologica effects of
2,4,6-Trinitrotoluene (TNT), 1,3,5-trinitrobenzene (TNB), 2,4-diamino-6- nitrotoluene (2, 4-
DANT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7- tetranitro-
1,3,5,7-tetrazocine (HM X) were evaluated in sediment exposures.  These compounds were
selected for study based on military relevance, chemica class and toxicological mechaniam.
Modd organiams utilized for the sudy included Hyalella azteca and Chironomous tentans,
with surviva and growth as toxicologica endpoints. Experiments were conducted following
U.S. EPA methods for sediment toxicity tests utilizing spiked sediments. Surviva of adult H.
azteca was sgnificantly decreased following exposure to 400 mg/kg TNT and aslow as 100
and 400 mg/kg DANT. However, TNB did not result in Satigticadly sgnificant effectson
surviva at concentrations as high as 400 mg/kg. Juvenile H. azteca surviva was Sgnificantly
reduced at concentrations greater than 50 mg/kg TNT, 100 mg/kg TNB, and 50 mg/kg
DANT. RDX and HMX did not dicit sgnificant toxicologica effects at concentrations as high
as 250 and 200 mg/kg, respectively. In addition, Satisticaly sgnificant effects were observed
on the growth of H. azteca. Midge surviva was sgnificantly decreased compared to the
control a concentrations of 200 mg/kg TNT, 400 mg/kg TNB and 400mg/kg DANT. There
were no sgnificant effects on survival when usng RDX and HMX at concentrations up to 1000
mg/kg or 200 mg/kg, respectively. RDX and HMX resulted in a Significant increase in growth,
potentialy through a hormetic mechanism. Explosives have smilar chemica structures and
would be expected to act with smilar potencies and mechanisms of action. However, results of
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the current udy demonstrate substantid variability in regponses of macroinvertebrates following
exposure to explosives.

Houston, J.G., Duke, B.M. and JA. Steevens. Examinaion of thetoxicity of TNT and
degradation products in three aquatic invertebrates. Society of Environmental Toxicology and
Chemistry 21% Annua meeting. Nashville, TN. November, 2000.

Comparative toxicity of 2,4,6-Trinitrotoluene (TNT) and three of it's degradation products,
2,4-Diamino-6-nitrotoluene (DANT), 2-amino-4,6-dinitrotoluene (2-ADNT), and 1,3,5-
trinitrobenzene (TNB) was determined utilizing three aguetic invertebrates. Modd organismsin
the study were Neanthes areanceodentata, a marine polychaete, Leptocheirus plumlosus, an
estuarine amphipod, and Hyal€ella azteca, a freshwater amphipod. Water-only experiments
were conducted to develop concentration response curves with surviva as the toxicologica
endpoint. Concentration response curves were used to assess the dope and determine ECs
vaues for each compound. Additiona comparisons of the effects of the toxicants were
conducted through graphica analyss. In the current study surviva effects were observed for N.
arenaceodentata with TNT and 2-ADNT (ECs, = 29.3 and 36.8 nM respectively) , but not
for DANT (no mortality up to 491 niM). To further investigate the differencesin toxicity among
compounds, pretreatment of organisms with nitroreductase inhibitors was used to block their
metabolism and degradation. Experiments were conducted to establish a greater understanding
of the mechanigtic action of TNT toxicity. These results demondirate that the toxicity of TNT
may be dicited through the formation of azoxy and nitroso degradation products.

Lotufo, G.R., Steevens, JA., Larson, SL. and T.S. Bridges. Can we derive critica body
resdues for nitroaromatic compounds? Society of Environmenta Toxicology and Chemistry
21% Annua mesting. Nashville, TN. November, 2000.

Nitroaromatic explosive compounds were extensively released to the environment at military
dgtesin the U.S. and throughout the world over the last 100 years, resulting in high levels of
contamination in surface water, ground water, soils, and sediments. We evauated the
toxicokinetics of trinitrotoluene (TNT) to the estuarine amphipod Leptocheirus plumul osus.
Water exposuresto TNT resulted in decreased surviva (96-h LC50 =2 mg/L). Apparent
deady State tissue concentration was attained in less than 48 h. Following a 2-day exposure
period, the tota fraction of radiolabel attributable to parent TNT and its known degradation
products corresponded to only 6% of the total radioactivity in the tissues. Liquid/liquid
extraction and gel permesation chromatography indicated that most of the radiolabel that was
origindly TNT became bound to organic molecules forming complexes that were more polar
and larger than the parent molecule. Therefore, close to dl the TNT taken up from the water
was biotransformed and conjugated to organic molecules and resisted solvent extraction.
Sediment exposures to 2,4-diaminonitrotoluene and trinitrobenzene aso resulted in decreased
aurvivd of Leptocheirus. However, the concentration of solvent extractable parent compound
or potential metabolitesin the tissues were below the method detection limits (0.1 pg/g). These
resultsindicated that TNT and other nitroaromatic compounds commonly found in the
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environment may elicit their toxicity through bioactivation to more reactive and toxic metabolites.
Critical body residues (CBRs) for TNT reported in the literature (0.04-0.22 mmol/kg) refer to
the TNT-molar-equivaents concentration of radiolabeled compounds in the tissues and were
not confirmed by chemica andyss. Understanding of the chemical structure of nitroaromatic
tissue resdues and the nature of their binding to macromolecules will be necessary before CBRs
can be derived for these compounds.

Perkins. E., H. Fredrickson, T. Bridges, J. Fleming, K. Besttie, R. Tonucci. 2000. Development of
High-Density DNA Arraysfor Ecologica Risk Assessment. Society of Environmenta
Toxicology and Chemistry 21% Annua meeting. Nashville, TN. November, 2000.

Assays based on DNA probes can be used to monitor effects of environmenta contaminants on
biologica sysems. Recent engineering advances have enabled high-dengty spotting of
hybridization probe arrays (thousands per cnf), automated hybridization, data capture and
andyss. We are developing flow-through, high-dengity DNA hybridization arrays targeting
genetic markers for rapid screening of environmenta toxicity during Site characterizations and
remediation efforts. Two types of arrays are being developed. The first focuses upon effects of
toxicants on bacterid populations resident in soils and sediments. The second focuses upon
rapid assessment of exposure and toxicity in macrofauna used in chronic, sub-lethd toxicity
tests. To support assay devel opment, a 28-sample flow-through chip device was created to
increase sample throughput. A comprehensive suite of computer programs has been made to
enable design of large numbers of oligonuclectides for hybridization on microarrays. Specific
genesfor usein abacterid toxicity microarray were defined by examining responses of
Escherichia coli to Uranium and trinitrotoluene exposures. Whole genome arrays (Panorama
membranes, Sgma- Genosys) identified severd genes affected by chemica exposure. These
genes are being examined to creste smdler arrays for use in the multi- sample format.
Macrofaund arrays are being designed by isolation of conserved genesinvolved in stress from
target organisms in addition to identification of new genes as markers of exposure.

Perkins, E.J., Houston, J.G., Lotufo, G.R., Steevens, JA., Bridges, T.S. and Fredrickson, H.F.
2001. Gene Expression Profiling of 2,4,6-trinitrotoluene Toxicity in Chironomus tentans.
Society for Environmenta Toxicology and Chemistry annua meeting, Batimore, MD.

The Department of Defenseis responsible for clean up of many sites contaminated with
explosives such as 2,4,6-trinitrotoluene (TNT). The cost of Site remediation can be prohibitively
expendve, limiting its goplication. To permit more efficient remediaion projects with redigtic
cleanup goals, bioassays for toxicity to identify relevant biological endpoints for cleanup gods.
These assays are generdly based upon whole organism effects such as morbidity, growth and
fecundity and require 10 to 30 daysto complete. We are investigating the effects of TNT
exposure in afreshwater invertebrate Chironomus tentans, to better understand toxicologicd
mechanisms and develop rapid screening methods to assess contaminant exposure in test
organisms. Tissue was collected from 2nd ingtar organisms following exposure to four
concentrations of TNT and at 1 hour, 1, 4, and 10-day time points. Concertrations for the
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exposure were selected at the EC50 (2 mg/L), LOEC (1 mg/L), and two concentrations below
the LOEC (0.1, and 0.5 mg/L). Exposures were conducted to ensure that organisms were the
same Sze and age a the time of tissue harvest. Replicates were examined for gross leve end
points (surviva, growth and total RNA per ug tissue) and were examined for differentia
expression of stress related genes using a pand of primers targeting conserved genes aswell as
restriction fragment differentid display. Abnormaly high tota RNA levels corrdated with
growth LOEC at 10 days exposure. In addition, several stress related genes were found to
change expression with exposure.

Lotufo, G.R,, Farrar, J.D., Steevens, J.S. 2001. Mixture Toxicity of TNT and TNT
Breakdown Products to the Freshwater Midge Chironomus tentans. Society for
Environmenta Toxicology and Chemigiry annua meeting, Batimore, MD.

The toxicities of trinitrotoluene (TNT) and its breakdown products trinitrobenzene (TNB), 2-
aminodinitrotolune (ADNT) and 2,4-diaminonitrotoluene (DANT) were determined using third
ingtar Chironomus tentans, in 10-day aqueous and spiked- sediment exposures. The magnitude
of the letha effectsof TNT, TNB and ADNT was smilar, whereas DANT was subgtantialy
less potent (nomina 10-d LC505 9, 9, 20, and 235 mmol/L for TNT, ADNT, TNB, and
DANT, respectively). In sediment, TNT and ADNT were more potent than TNB and DANT
(nomina 10d LC50 5 280, 259, and 1049 mmol/kg for TNT, ADNT, TNB, and DANT,
repectively). Mixture experiments were performed to investigate the nature of the toxicologica

interactions of nitroaromatic compounds. The molar LC50 for mixtures of TNT, TNB, ADNT
and DANT was 17 mmoal/L for water and 530 mmol/kg for sediment. The relative contribution
of each compound to the overdl toxicity of the mixture was estimated for each trestment usng
toxic units (compound concentration divided by compound LC50). The sum toxic unitsfor each
trestment and the surviva data were used in the calculation of an experimental sum toxic unit
LC50 for the mixture. The sum toxic unit LC50, caculated usng nomina concentrations, was
1.04 for the water experiment and 1.05 for the sediment experiment, as expected when
compounds interact additively to promote biologica effects. Informeation on the relaive toxicity
of TNT and its mgor breakdown products and their toxicological interactions in mixture
exposures is vauable for assessing ecologica risk of contaminated Sites.

Steevens, JA. and Gibson, A.B. 2001. Toxicokinetic Interactions of Trinitrotoluene with Lead
and Phenanthrene. Society for Environmenta Toxicology and Chemistry annua mesting,
Bdtimore, MD.

The toxicokinetic interactions of 2,4,6-trinitrotoluene (TNT) in combination with metds and
polycyclic aromatic hydrocarbons (PAHS) were assessed utilizing an aguetic invertebrate,
Hyalella azteca. Lead and phenanthrene were sdlected as modd toxicants. The toxicokinetic
interactions of binary mixtures of TNT, lead, and phenanthrene were characterized through a
one-compartment kinetic model. Initidly, the uptake and dimination kineticsof TNT were
determined. Radiolabeled C14-TNT and C14- phenanthrene were used to eva uate uptake and
accumulation of the organic compounds. The uptake coefficient (Ku) during a 4-day exposure
to TNT was 2.41 dpm/mg. Elimination, asindicated by the elimination constant (Ke), was (-
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0.0228 dpm/mg) following transfer to toxicant-free water. Effects of Smultaneous and
sequentia binary mixture exposures on the uptake and imination of al three chemicaswas
evauated. Sequentia exposures were conducted with a 2-day pre-exposure to the second
chemicd prior to exposure to the chemica evauated for bioaccumulation. Toxicokinetic
interactions were observed for the TNT and phenanthrene mixture. While no significant
differences were observed for the rate of uptake (Ku range 0.034 - 0.062) of phenanthrenein
the presence of TNT, the Ke of phenanthrene increased significantly following smultaneous and
sequentid treatment with 0.2 mg/L TNT. Toxicokinetic interactions of TNT, phenanthrene, and
lead can directly dter the tissue concentration following exposure, and may potentialy modify
the resulting toxicity of these compounds.

Perkins, E. J. 2002. Genetic tools for assessing exposure to contaminants. Abstract for
Missssippi Water Resource Conference, Raymond, Missssippi.

The Department of Defense is respongible for sites contaminated with chemicas such as 2,4,6-
trinitrotoluene (TNT) and polyaromatic hydrocarbons (PAHS). To permit more efficient remediation
projects with redigtic cleanup goals, bioassays for toxicity are used to identify rdevant biologica
endpoints for cleanup goals. These assays are generdly based upon whole organism effects such as
morbidity, growth and fecundity, require 10 to 30 days to complete. We are investigating the effects of
contaminant exposure to devel op rapid screening methods for toxicity assessment in test organisms such
as Chironomus tentans and Leptochierus plumulosus. We have isolated a number of genesthat are
responsiveto TNT and amodd PAH, fluoranthene. Semi-quantitative red time reverse transcriptase
polymerase chain reaction assays were devel oped to monitor gene expression in both organisms. Gene
expression levels responded in a dose dependent manner to TNT and fluoranthene. Expresson levels
were highly corrdlated with lethad and sublethal endpoints. 1n addition to known chemicas, water and
sediment contain uncharacterized compounds that are a source of toxicity. We are investigating the use
of gene expression fingerprints to identify compounds to which an organism is exposed. Early evidence
indicates that such fingerprints are characteristic of the compounds to which the organism was exposed.
Each of these gpproaches hold great promise in improving toxicity assessment.

Lotufo, G. R, Farrar J. D., Steevens J. A., Bridges, T.S. 2002. Toxicity and bicaccumulation
of TNT and TNT breakdown products in the midge Chironomus tentans in water and sediment
exposures. Abstract for SETAC Europe 12th Annua Meeting, Vienna, Austria

Nitroaromatic explosve compounds were extensively released to the environment at military
gtesin the U.S. and throughout the world over the last 100 years, resulting in high levels of
contamination in surface water, ground water, soils, and sediments. The toxicity of
trinitrotoluene (TNT) and its breakdown products trinitrobenzene (TNB), 2- aminodinitratolune
(ADNT) and 2,4-diaminonitrotoluene (DANT) were determined using the freshwater midge
Chironomus tentans. In water exposures, the magnitude of the letha effects of TNT, TNB and
ADNT was smilar, whereas DANT was subgtantialy less potent. In sediment, transformation
and resistance to solvent-extraction following spiking were observed for al compounds, most
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extensvely for TNT and TNB. TNT and ADNT were more potent than TNB and 2,4-DANT.
Toxic effects on growth were observed in water but not in sediment exposures. Mixture
experiments were performed to investigate the nature of the toxicologica interactions of
nitroaromatic compounds. The sum toxic unit LC50 gpproximated 1 in water and sediment
experiments, as expected when compounds interact additively. In water exposures, the letha
body residue (LBR) for al compounds ranged from 0.01 to 0.03 mmol/kg wet wt. for dl
compounds, except for TNB, which was not detected in tissue extracts. Thefate of TNT in
tissues and its LBR were examined in 4-day water exposuresto radiolabeled TNT. A mass
ba ance of the radioactivity in the tissue revedled that only 60% of the radioactivity was
removed by acetonitrile extraction and the total concentration of nitroaromeatics measured using
HPLC, mostly TNT breakdown products, corresponded to only 7% of the concentration of
TNT molar- equivaents. Therefore, most of the TNT taken up from the water was
biotransformed to compounds that either were undetected by HPLC or conjugated to organic
molecules and resisted solvent extraction. The LBR was 1.25 mmol/kg for TNT molar-
equivaents but much lower, 0.04 mmol/kg, for sum measured nitroaromatics. The toxicologica
sgnificance of the unidentified/unextractable fraction remains unknown. Research aiming to
characterize the biochemicd fate of nitroaromatic compounds in invertebrate tissues isbeing
conducted to alow abetter understanding of the mechanisms of toxic action of these highly
reactive compounds.

Perkins E, Lotufo G, Farrar D. 2002. Correlation of lethal and sublethd effects of 2,4,6-
trinitrotoluene (TNT), phenanthrene, and lead with gene expression in the marine benthic
amphipod Leptochierus plumulosus. Society for Environmenta Toxicology and Chemistry
Annua Mesting, Salt Lake city, UT, USA

Thousands of yards of sediment are dredged and disposed of each year. Contaminated
sediments must be assessed for the potentia to cause harmful effects after disposal.
Traditiondly, bioaccumulation or toxicity has been measured using difficult andyticd tests and
gross level endpoints such as growth and mortality. We have employed quantitative gene
expression assays to better understand effects of exposure to energetic  compounds,
polyaromatic hydrocarbons, and metal's on the marine benthic amphipod L eptochierus
plumulosus at lethal and subletha exposures and provide dternate measures of bioaccumulation
and toxicity. L. plumulosus was exposed to a dose series of 2,4,6-trinitrotoluene (TNT),
phenanthrene, or lead. Survival and tissue residues of chemicals were measured and compared
to expression levels of a pane of ten genes. Assays were used targeting actin, a putetive
polyprotein, two different superoxide dismutases, two reverse transcriptases, a 60S ribosomal
protein, a 26S protease regulatory subunit, a trangposase, and a gene of unknown function,
b04. Severd genes exhibited increased expression at low level exposures of TNT followed by
sgnificantly reduced expression gpproaching toxic levels of TNT. Lead exposures had
markedly different effects on gene expression. Increasing lead concentrations had no effect on
26S protease regulatory subunit expression, whereas effects on 60S ribosomal protein and b04
gene expression were only observed at levels of lead that caused significant mortality.
Expression levels of superoxide dismutase gene decreased with lead exposure in adose
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dependent manner. Reduction of superoxide dismutase levels would result in a decreased
ability to prevent  oxidative stressinjuries, consistent with observations that pre-exposure to
lead can enhance TNT toxicity.

Bridges, T.S,, Lotufo, G., Perkins, E. J., Fredrickson, H. L., Farrar, D., Steevens, J. 2002.
Aquatic toxicology of explosives: Fate, toxicity, critical body resdues, and effects on gene
expression. Partnersin Environmenta Technology Technica Symposium & Workshop,
sponsored by SERDP and ESTCP

The explosves TNT, RDX, HMX, and their degradation products are contaminants of concern
typicaly associated with military activities. Thetoxicity of TNT and the TNT breskdown
products 2-aminodinitrotolune (2ADNT), 2,4-diaminonitrotoluene (24DANT) and
trinitrobenzene (TNB) were compared using fish and benthic invertebrates. In water exposures,
2,ADANT was subgtantidly less toxic than the other compounds for the midge Chironomus
tentans and thefish Cyprinodon variegatus. Radiolabeled TNT spiked to fresh water and
marine sediments rapidly bresks down to ADNT and DANT congeners and a substantial
portion of the compounds move into the overlying water during static exposures. The nort
solvent-extractable fraction of the radiolabd in sediment increases with increasing aging of the
sediment. In sediment exposures using C. tentans, concentrations associated with toxicity were
amilar for dl compounds. Mogt of the TNT molecules accumulated by aguatic invertebrates
gppear to rapidly transform to ADNT or DANT and to strongly bind to organic molecules
becoming non-extractable and non-detectable by traditiona chemicad andyss. Criticd body
residues determined as the sum molar concentrations of chemically detected nitroaromatics
were smilar for midges (0.04 mmol/kg) and fish (0.02 mmol/kg). The explosves RDX and
HMX did not decrease invertebrate surviva in water or sediment exposures even at the water
solubility limit or a exceedingly high sediment concentrations (>1,000 mg/kg). To better
understand effects at the cdllular level, genetic assays were devel oped for ng effects of
contaminants on benthic invertebrates. These assays were found to correlate with tissue residue
concentrations and whole organism surviva effects. 1n the amphipod Leptocheirus
plumulosus, 10 different genes were examined. Low levels of TNT caused agenerd increasein
gene expression, with expression decreasing prior to lethd effects being observed. Severd
mobile genetic dements were isolated from L. plumulosus. One element, Hopper, was
activated by sub-letha concentrations of TNT and phenanthrene but not lead. Exposureto TNT
induced movement of Hopper and may result in unexpected genotoxic and mutationd events.
Lead exposure effects were observed on superoxide dismutase gene expression that could
result in sengtization of L. plumulosus to subsequent TNT exposures. Since significant effects
were observed at subletha levels of TNT exposure, genetic assays are useful astoolsin
screening fidd- contaminated sediments. Our investigation of the toxicity, mechanisms of action,
biocaccumulation, and mixture interactions for TNT will provide vauable information when
extrapolating laboratory datato ecological risk assessments. Thisresearch was funded by
SERDP (CU-1129).

Appendix A5: Published Text Booksor Book Chapters
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None.
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APPENDIX B:
Table5.b.1.A. Clones with high smilarity to known genes isolated by CODEHOP PCR and
differentid display.
RT PCR Clone Smilarity
Assay
q/d in 1- 1.3 probable pyruvate dehydrogenase E1 component, beta subunit ( Score = 185, P = 4.1e-13)
SOD 2-4L.4 similar to transporter binding protein [Bacillus subtilis] Score = 137 (48.2 bits), Expect = 2.7e-07, P =
2.7e-07
peptide ABC transporter, periplasmic peptide-binding protein - Vibrio cholerae Score = 129 (45.4 bits),
Expect = 1.8e-06, P = 1.8e-06
SOD2 SOD 2-4L.3 M n-superoxide dismutase [Rhodobacter capsulatus] Score = 390 (137.3 bits), Expect = 3.5e-35, P = 3.5e-
35
: : _ _ apharactin, muscle; Score = 321 (113.0 bits), Expect = 7.1e-28, P = 7.1e-28
Adin Actin 2-1L4 The apha actins are found in muscle tissues and are a major constituent of the contractile apparatus and cell
movement. Changes in expression may result in changes in cell structure and growth.
26S PROTEASE REGULATORY SUBUNIT Homo sapiens S10B (P44) (CONSERVED ATPASE
265 AO4—C12—02 DOMAIN PROTEIN 44 Score = 332 (116.9 hits), Expect = 4.9e-29, P = 4.9e-29
(268) 26S protease regulatory subunit is part of the major non-lysosomal protease in eukaryotic cells. Itis
involved in degrading both cytoplasmic and nuclear proteins. Changes in expression may indicate an
unbalance in general protein stability.
B4 B4 C12b 04 | Unknown
(B4)
QM C04 12c 06 QM PROTEIN HOMOLOG [Drosophila melanogaster] Score = 891 (313.6 hits), Expect = 2.7e-91, Sum
— — P(2) = 2.7e-91; QM protein [Bombyx mandarina] Score = 870 (306.3 hits), Expect = 2.7e-89, Sum P(2) =
(QM) 2.7e-89, Identities = 159/195 (81%),
QM PROTEIN HOMOLOG. QM, anovel gene that was firstly isolated as a putative tumor suppressor
gene from Wilms' tumor cell line. Although it is well known that the QM gene product plays an important
role within the tumor cells, the precise role of QM in the non-tumor cells has remained elusive. QM
homologue from Bombyx mandarina exhibits tissue-/stage-dependent expression — may have an important
biological role associated with pupae formation.

tank

A DNA transposon. A mobile genetic element that can create copies of itself and insert throughout
the genome. These elements can replicate, move and insert into different chromosomal DNA
locations creating a source of genotoxicity and mutagenicity.

ranger

A retrotransposon. A mobile genetic element that can create copies of itself and insert throughout
the genome. These elements can replicate, move and insert into different chromosomal DNA
locations creating a source of genotoxicity and mutagenicity.

stealth

A DNA transposon. A mobile genetic element that can create copies of itself and insert throughout
the genome. These elements can replicate, move and insert into different chromosomal DNA
locations creating a source of genotoxicity and mutagenicity.

hopper

A retrotransposon. A mobile genetic element that can create copies of itself and insert throughout
the genome. These elements can replicate, move and insert into different chromosomal DNA
locations creating a source of genotoxicity and mutagenicity.
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Figure 5.b.1.A. Effect of TNT on (A) mortdity and (B) tissue resdue in 4-day exposures.
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Figure5.b.1.B. TNT caused agenerd increase in gene expression, with expression decreasing prior to

letha effects being observed.

Panel A, genes strongly effected by TNT. Datafor DNA transposons tank and stealth, and the
retrotransposon hopper have been taken from Perkins et d., (2003, appendix A). Panel B, genes

moderately effected by TNT. Datafor the retrotransposon ranger has been taken from Perkins et d.,

(2003, gppendix A). Paned C, reduction of 26S regulatory protein expression with TNT exposure.
Error bars indicate real-time PCR assay replicates for each exposure replicate.  Solid diamonds with a
dashed line represent the number of survivors of 100 individuals after four days exposure.
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Figure5.b.1.C. Effect of 4-day agueous lead exposure on (A) surviva and (B) tissue concentrationsin
L. plumulosus.
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Figure5.b.1.D. Increased expression of QM protein and b4 genes are found at levels of lead where a
sgnificant decrease in surviva occurs.
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Each point is the average of three replicate exposures. Expression was normalized to 18SrRNA
copies and isrelative to unexposed controls. No significant change in actin expression was detected.
Data points marked with asterisks are sgnificantly different from controls (Student’ s ttest, P<0.05).
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Figure5.b.1.E. Log linear relaionship of lead tissue levelsto expresson of superoxide dismutase 2 to
increasing lead concentrations.
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Each point is the average of three replicate exposures. Expression was normalized to 18SrRNA
copies and is relive to unexposed controls. No significant change in 26S protease regulatory subunit
expresson was detected. Data points marked with asterisks are sgnificantly different from controls
(Student’ s ttest, P<0.05).



Equation 1
én,(t+Ju éF F, F F, Fon 08N, (t) U
é u é é a
énz(t+1)a ésl 0 0 0 0 aénz(t)l]
én(t+)U_€0 S, 0 O 0 ten, ()0
é u=é wé a
a(t+hg 60 0 S 0 0 e, (Mg
e . ué . ot  u
é a é 0é 1]
e,(t+h)g e0 0 0 0 S,; S,pE.0f
Equation 2
—_ t

N, =N,l
Equation 3

=a&:ount(x+1)9

count(X) g

Equation 4

f _ adffspringcount (x+1) ©

* count(x) p
Equation 5

DI =[®-1°

Equation 6.

| © - IC»é_ (aije- aijc)%
i

% (re+ac)2

109



Table5.b.2.A. Contributions to change in lambda.
Control =food type 1, Experimental = food type 2

Contribution to changein lambda
Age class by survivd by fecundity
0-1 week 0 0.02
1-2 weeks -0.04 -0.01
2-3 weeks -0.01 -0.02
3-4 weeks 0 -0.01
>4 weeks -0.01 0
Table5.b.1.B. Lambdafor each treatment.
Food
Sediment norma (1x) double (2x)
0% 1.543 1.624
3% 1.472 1.532
6% 1.322 1.397
Table5.b.1.C. Changeinlambda
Control Treatment Change in lambda
(0%, 1x) (3%, 1x) -0.071
(0%, 2x) (3%, 2x) -0.092
(0%, 1x) (6%, 1x) -0.221
(0%, 2x) (6%, 2x) -0.227
(3%, 1x) (6%, 1x) -0.150
(3%, 2x) (6%, 2x) -0.135
(0%, 1x) (0%, 2x) 0.081
(3%, 1x) (3%, 2X) 0.060
(6%, 1x) (6%, 2x) 0.075
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Figure5.b.1.A. Leptocheirus surviva and reproduction curves during exposure to BRH.
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Figure5.b.1.B. Contributions to the changein lambda by age-specific surviva rates for combinations
a normd (1x) food retion.
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Figure 5.b.1.C. Contributions to the change in lambda by age-specific fecundities for combinations a
norma (1x) food ration.
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Table5.b.3.A. Concentrations (umol/L) of TNT and TNT daughter compounds in agueous solutions
used in Sngle-compound exposures.

Compound  Target M easured 24h-aged
% loss % 4ADNT % DANTSs
5.0 24+ 03 533+ 64 731+ 105 269+ 105
7.5 35+ 02 624 + 8.3 836+ 49 164+ 49
TNT 11.0 51+ 04 665+ 7.6 794+ 78 206+78
16.9 75+ 05 635+ 30 892+ 33 108 + 33
25.3 113+ 0.2 679+ 13 888+ 04 112+ 04
% loss % DANTSs
10.0 81+02 190+ 142 250+ 82 nd
15.0 122+ 03 251+ 130 247+ 90 nd
2ADNT 22.5 179+ 04 16.8 + 238 168 + 10.3 nd
33.8 287+ 01 175+ 247 109+ 55 nd
42.2 363+ 15 141 + 145 170+ 83 nd
% loss
40.0 256+19 195+ 217 nd nd
80.0 66.6 + 3.6 144 + 204 nd nd
2ADANT 160.0 136.2 + 36 98+ 139 nd nd
320.0 2303% 105 78+ 69 nd nd
640.0 5932+ 4.2 09+12 nd nd
% loss % ADNB
4.0 26+ 02 646+ 33 877+ 42 nd
8.0 5701 706+ 41 644+ 46 nd
TNB 12.0 81+ 05 66.0+ 53 527+ 08 nd
16.0 122+ 14 52.8 + 10.2 377+ 16 nd
24.0 213+ 04 489+ 04 170+ 49 nd

nd = not determined

Table 5.b.3.B. Concentrations (umol/L) of TNT and TNT daughter compounds in agueous solutions
used in mixture exposures.

Target Measured 24h-aged
% loss % TNT % 2ADNT % 4ADNT % DANTSs % TNB % ADNB
7.5 44+ 16 41+ 57 74+ 105 30470 14+ 19 385+ 66 181+ 256 44+ 6.2
11.3 78+ 11 605+ 03 101+ 143 261+ 68 13+18 30776 283+ 400 3752
16.9 136+ 11 525*46 103+ 146 251+72 17+ 24 303+ 48 2710+ 34.5 58+ 82
25.3 206+17 507+03 104+ 13.0 270+ 21 17+ 25 302+ 59 270+ 351 38+54
38.0 265+ 12 365+ 11 140+ 157 318+ 23 16+ 22 360+71 141+ 127 27+38
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Table5.b.3.C. Tenday LC50 vauesfor TNT and TNT daughter products in single compounds or

mixture exposures.
Compound LC5(l)J r%5/"3_/0 Cl) LC50 rr‘(;5'_% Cl)
TNT 8.5 (7.7-9.3) 1.9 (1.8-2.1)
2ADNT 16.9 (14.7-19.5) 3.34(2.9-3.9)
24ADANT 1993 (153.4-258.9)  33.3(25.6-43.2)
TNB 10.2 (9.9-11.7) 2.2 (2.1-2.5)
MIXTURE 145 (12.3-17.2) nd

nd = not determined

Table5.b.3.D. Concentrations of TNT and TNT daughter compounds in larva midges collected at
termination of the Snge-compound and mixture exposures. Bioconcentration factors (BCF) and the
fraction of the each compound comprising the total body burden are presented.

Compound VA& ﬁfnc' TissueConC. . gr o, JADNT 9 2ADNT % DANTS
(Hmol/L) pmol/kg

2.4 48 2.0 100 0 nd

35 10.1 2.9 100 0 nd

TNT 5.1 13.6 2.7 78 22 nd
7.5 19.9* 2.6 100 0 nd

8.1 11.9 15 nd 45 55

2ADNT 122 17.1* 14 nd 58 42
17.9 11.6* 0.6 nd 36 64
25.6 7.1 11 nd nd 100
66.6 41.0¢ 0.6 nd nd 100
2ADANT 136.2 108.9¢ 0.8 nd nd 100
230.3 111.3¢ 0.5 nd nd 100

4.4 10.3 2.4 49 0 51

Mixture 7.8 24.0 31 19 39 42
13.6 42.3¢ 3.1 0 0 100

nd = not determined
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Figure5.b.3.A. Surviva and find biomass a exposure termination of the TNT and TNT daughter
products in single compounds and mixture exposures.
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Figure 5.b.3.B. Reationship between surviva and sum toxic units caculated for the 10-d mixture
EXposUres.
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Figure5.b.3.C. Reationship between mean surviva (+ 1 standard deviation) and sum molar
concentration of nitroaromatic compoundsin thetissues of C. tentans a termination of the 10-d
aqueous single-compound and mixture exposuresto TNT and TNT daughter compounds.

® TNT A ADNT O DANT A Mixture

100 1

80 -

60 1

40

Percent Survival
~ Fa
\ B \
I—ﬁ_'

20 1

0 " . .
0.00 0.03 0.06 0.09 0.12

Body Residue
(umol/g)




117

Table5.b.4.A. Compardtive toxicity experiments. Concentration of nitroaromatic compoundsin

Spiked sediments following spiking and mixing.

Expt Target Target Expected M easured
' (mg/kg) (umol/kg)  (umol/kg) (umol/kg)
TNT AADNT 2ADNT DANTs TNB ADNB Total E)jg’e?:]j[ed

50 220 241 13 85 87 4 nd nd 188 131
100 441 396 196 30 48 0 nd nd 275 69
TNT 200 881 798 460 61 115 0 nd nd 636 80
400 1,762 1,763 948 125 268 1 nd nd 1,342 76
600 2,643 2,603 650 304 750 8 nd nd 1,712 66
800 3,524 3,470 2,668 38 63 0 nd nd 2,769 80
50 254 261 nd nd 115 nd nd nd 115 44
100 508 366 nd nd 301 nd nd nd 301 82
SADNT 200 1,015 866 nd nd 658 nd nd nd 658 76
400 2,030 1,960 nd nd 1,520 nd nd nd 1520 78
600 3,046 2,847 nd nd 2,124 nd nd nd 2,124 94
800 4,061 3,853 nd nd 3,266 nd nd nd 3,266 85
150 898 719 nd nd nd 199 nd nd 199 28
2 ADANT 300 1,796 1,453 nd nd nd 356 nd nd 356 25
' 600 3,593 3,408 nd nd nd 918 nd nd 918.3 27
900 5,389 4,427 nd nd nd 2,899 nd nd 2,899 65
50 235 135 nd nd nd nd 2 53 55 41
100 469 329 nd nd nd nd 0 146 146 44
TNB 200 939 656 nd nd nd nd 12 341 353 54
400 1,878 1,398 nd nd nd nd 229 554 784 56
600 2,817 2,030 nd nd nd nd 624 672 1,296 64
800 3,756 2,510 nd nd nd nd 560 1,473 2,033 81

(nd = not determined)
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Table5.b.4.B. Mixture experiments. Concentration of nitroaromatic compounds in spiked sediments
fallowing spiking and mixing.

Treat.
(STU) Expected (umol/kg) Measured (umol/kg)
TNT  2ADNT  24DANT TNB Total TNT  2ADNT  4ADNT  DANTs TNB  ADNB Total Eoﬁ’p
0.25 18 35 84 87 225 0 25 16 54 0 28 123 55
05 40 62 218 160 480 0 56 9 113 1 78 257 54
1 9%5 179 405 349 1,029 12 115 1 233 13 175 559 54
2 137 237 757 606 1,736 49 202 13 431 102 256 104 61

3 207 358 855 715 2134 116 302 109 699 305 217 1,749 82
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Table 5.b.4.C. Mixture experiments. Concentration (umol/kg) of nitroaromatic compoundsin spiked
sediments following spiking and mixing in Sngle-compound treatments.

Experiment Target Expected

132

264

529
1,057

TNT

254
508
1,015
2,030

ADNT

599
1,198
2,395
4,790

DANT

469
939
1,878
2,817

TNB

127

238

605
1,365

230
542
1,079
1,810

487
1,177
2,475
4,699

363
755
1,585
2,692

M easured
TNT 2ADNT 4ADNT DANTs TNB AgN Tota Zong

0 45 32 15 nd nd 105 83

2 113 71 13 nd nd 198 83
193 134 73 4 nd nd 404 67
615 182 86 4 nd nd 886 65
nd 128 nd 42 nd nd 170 74
nd 317 nd 42 nd nd 359 66
nd 703 nd 32 nd nd 735 65
nd 1,137 nd 95 nd nd 1,232 63
nd nd nd 336 nd nd 336 69
nd nd nd 732 nd nd 731 62
nd nd nd 1,535 nd nd 1,535 62
nd nd nd 2,771 nd nd 2,779 59
nd nd nd nd 1 230 231 64
nd nd nd nd 2 426 429 57
nd nd nd nd 57 944 1,001 63
nd nd nd nd 231 1437 1,668 62

nd = not determined
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Table5.b.4.D. Comparative toxicity experiments. Concentration of nitroaromatic compoundsin

spiked sediments (umol/g dry wt) a termination of the 10-d exposure.

Experiment  Expected

144

396

798
1,763
2,603
3,470

TNT

261

366

866
1,960
2,270
3,853

2ADNT

719
1,453
3,408
4,427

2ADANT

135

329

656
1,398
2,030
2,510

TNB

Measured
TNT 4ADNT 2ADNT DANTs TNB ADNB Tota % Decrease
0 0 31 1 nd nd 33 83
2 5 7 14 nd nd 28 90
2 26 19 41 nd nd 88 86
2 278 59 40 nd nd 380 72
2 443 58 79 nd nd 582 66
287 451 166 4 nd nd 908 67
nd nd 5 nd nd 5 96
nd 0 nd 0 nd nd 0 100
nd 17 nd 5 nd nd 22 97
nd 397 nd 66 nd nd 463 70
nd 534 nd 88 nd nd 622 71
nd 654 nd 146 nd nd 800 75
nd nd nd 0 nd nd 0 100
nd nd nd 0 nd nd 0 100
nd nd nd 36 nd nd 36 96
nd nd nd 81 nd nd 81 97
nd nd nd nd 0 0 0 100
nd nd nd nd 0 0 0 100
nd nd nd nd 0 5 5 99
nd nd nd nd 0 53 55 93
nd nd nd nd 0 126 126 0
nd nd nd nd nd nd nd nd

(nd = not determined)
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Table5.b.4.E. Ten-day LC50 vauesfor TNT and TNT daughter products in single compounds or

mixture exposures.

Comparative Toxicity Experiments

Mixture Experiments

LC50 (95% Cl)

Experiments umol/kg

LC50 (95% ClI)
mg/kg

LC50 (95% Cl)

pmol/kg

LC50 (95% Cl)

mg/kg

TNT 248 (205- 298)
ADNT 307 (242- 390)
DANT 307 (242- 390)

TNB 533 (467- 609)

Mixture nd

56.2 (46.6- 67.7)
60.4 (47.6 - 76.7)
51.2 (40.3- 65.1)

113.6 (99.5 129.7)
nd

260 (212- 318)
175 (147- 209)
605 (436- 837)
356 (293- 432)
361 (300- 433)

100.9 (72.9- 139.8)

58.9 (48.1- 72.1)
34.4 (28.9- 41.0)

75.7 (62.3 92.0)

nd

(nd = not determined)

Table 5.b.4.F. Mixture experiments. Individua and sum toxic units (STU) and percent suriva (*

denotes sgnificant difference from control trestment).

Target . Measured %
STgU Individual TU STU  Sunival
Target M easured
TNT 2ADNT 4ADNT DANTs TNB ADNB
0.25 0.06 0.00 0.14 0.09 0.09 0.00 0.08 0.40 9B +6
0.5 0.125 0.00 0.32 0.05 0.19 0.00 0.22 0.78 58 + 26*
1 0.25 0.05 0.66 0.07 0.38 0.04 0.49 1.68 28 + 10*
2 0.5 0.19 1.15 0.08 0.71 029 0.72 3.14 10 + 14*
3 0.75 0.45 1.72 0.62 1.16 0.86 0.61 5.42 5+ 10
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Figure5.b.4.A. Surviva a exposure termination of the TNT and TNT daughter products single
compounds and mixture exposures in the comparative toxicity (Ieft) and mixture (right) experiments
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Figure5.b.4.B. Find individud biomass a termination of the TNT and TNT daughter products sngle
compounds and mixture exposures in the comparative toxicity (left) and mixture (right) experiments.
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Figure5.b.4.C. Relationship between surviva and sum toxic units calculated for the mixture treetments
in the 10-d mixture experiment.
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Table5.b.5.A. Concentrations (umoal/L) of TNB, lead and phenanthrene in Sngle-compound
experiments. nomina, measured at day 0 from stock solutions, measured from exposure beakers at day
1 before water exchange and average of day 0 and day 1 concentrations.

Compound Concentration (umol/L)
Target measured
Stock Day 1 Mean Percent
decrease
6 2.66 1.83 2.24 311
9 3.66 294 3.30 19.6
TNB 12 5.42 4.20 4381 22.4
15 6.94 5.47 6.21 21.2
25 11.78 10.87 11.33 7.8
0.1 0.080 0.083 0.081 -3.6
0.3 0.358 0.211 0.284 41.2
Lead 0.6 0.681 0.676 0.679 0.7
1.2 1.382 0.855 1.118 38.1
2.4 2.952 1.536 2.244 48.0
0.25 0.20 0.09 0.14 54.8
0.5 0.28 0.10 0.19 63.6
0.75 0.57 0.25 0.41 56.3
Phenanthrene 1 0.72 0.23 0.47 68.4
15 0.80 0.31 0.55 61.3
2 1.19 0.74 0.96 37.4
3 2.38 1.02 1.70 57.0
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Table5.b.5.B. Concentrations (umoal/L) of TNB, lead and phenanthrene in mixture experiments:
nominal, measured at day O from stock solutions , measured from exposure beakers at day 1 before
water exchange and average of day 0 and day 1 concentrations.

Treatment Concentrations (umol/L)

(Sum TU) TNB Pb Phe
Target

0.25 0.88 0.018 0.11

0.5 1.75 0.036 0.21

1 3.50 0.072 0.42

2 7.01 0.143 0.85

3 10.51 0.215 1.27

Measured — stock
0.25 0.73  0.013 0.11
0.5 1.69  0.028 0.20
364 0.043 0.39
576 0.104 0.89
3 14.27 0.157 1.32
Measured — day 1
0.25 0.00 0.007 0.02
0.5 0.00 0.014 0.03

N -

1 1.78 0.025 0.07
2 3.26 0.059 0.14
3 4,14 0.089 0.19
Mean
0.25 0.37 0.010 0.07
0.5 0.84 0.021 0.12
1 2.71 0.034 0.23
2 451 0.081 0.52
3 9.20 0.123 0.76
Percent decrease
0.25 100 44.2 79.67
0.5 100 50.9 41.11
1 51.03 40.3 41.34
2 4344 435 41.96

3 71.01 431 42.70




Table 5.b.5.C. Nomind 10-d LC50 vaues from single compound experiments.
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Preliminary Experiments Mixture Experiments
Exoeri LC50 (95% Cl) LC50 (95% Cl) LC50 (95% Cl) LC50 (95% Cl)
periment
pmol/L po/L pumol/L
TNB 10.2 (9.9-11.7) 2239 (2173-2568)  3.02 (2.1-4.5) 643 (434-951)
Lead 0.16 (0.13-0.19) 44 (26-52) 0.13 (0.09-0.18) 26 (18-37)
Phenanthrene  1.27 (1.13-1.42 226 (201-253)  0.44 (0.36-0.54) 78 (64-96)

Table 5.b.5.D. Target and measured Toxic Units (TUs) for each treatmentsin the mixture

experiment.

Treatment Target Mesured individua TUs

(Target . STUs

STU) Individud TUs TNB Pb Phe
0.25 0.08 0.12 0.08 0.15 0.35
0.5 0.17 0.28 0.16 0.26 0.71
1 0.33 0.90 0.27 0.52 1.69
2 0.66 1.49 0.65 1.17 331
3 1 3.05 0.98 1.72 5.75
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Figure 5.0.5.A. Mean percent surviva of amphipods exposed to agueous solutions of TNB, lead (Pb)
and phenanthrene (PHE).
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Figure5.b.5.B. Percent surviva afunction of the sum toxic units determined for mixture trestments.
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Table5.b.6.A. Concentration (mg/kg dry wt.) of explosives compounds and some TNT degradation
productsin the dilution series of 40SD-3 sediment with reference sediment.

Treatment HMX TNT RDX 4ADNT 2ADNT 24DANT TNB
3% 190 1,807 1,366 155 0 0 0
6% 220 2,688 1,582 153 106 0 2
12% 607 6,413 4,126 325 180 4 5
25% 1,077 8788 7,221 527 218 8 7
50% 3082 30,588 21,158 1,263 580 27 24
100% 4,733 40,387 31,980 2,477 991 64 38

Table 5.b.6.B. Measured percent dilution (concentration in sample + concentration in 40SD-3 x 100)
in the dilution series of SD-3 sediment in reference sediment.

Treatment HMX  TNT RDX 4ADNT 2ADNT 24DANT TNB Mean
3% 4 4 4 6 0 0 0 3
6% 5 7 5 6 11 0 6 6
12% 13 16 13 13 18 6 13 13
25% 23 22 23 21 22 12 18 20
50% 65 76 66 51 59 43 63 60

Table 5.b.6.C. Concentrations and Solubility limits (mg/L) of explosves compounds and some TNT
degradation products in the porewater extracted from dilution series of 40SD-3 sediment in reference
Sediment.

Trestment HMX  TNT RDX 4ADNT 2ADNT 24DANT TNB
3% 2.6 79.6 38.5 8.2 7.1 0.16 0.45

6% 2.7 78.7 39.5 9.3 7.4 0.19 0
12% 2.8 78.5 40.2 13.8 10 0.36 0
25% 3 85.4 39.9 20.7 14.09 0.69 0.37

50% 2.9 87.5 39.6 29.9 214 2.05 0.28
100% 34 87.75 41.9 34.6 29.5 6.87 0.16

Sdliﬂt“ty 6 130 38 2,800 2,800 >2,800 340
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Table 5.b.6.D. Measured percent dilution (concentration in sample + concentration in 40SD-3 x 100)
in the porewater extracted from dilution series of 40SD-3 sediment in “reference’ sediment.

Treatment HMX  TNT RDX 4ADNT 2ADNT 24ADANT TNB
3% 76 91 92 24 24 2 281
6% 79 90 94 27 25 3 0
12% 82 89 96 40 34 5 0
25% 88 97 95 60 48 10 231
50% 85 100 95 86 73 30 175

Table5.b.6.E. Sediment-to-water partitioning coefficient (mg compound/kg sediment + mg
compound/L porewater) for explosives compounds and some TNT degradation products dilution series
of 40SD-3 sediment in reference sediment.

Treatment HMX  TNT RDX 4ADNT 2ADNT 24DANT TNB
3% 0.0137 0.0441 0.0282 0.0528 nd nd nd
6% 0.0123 0.0293 0.0250 0.0606 0.0698 nd nd

12%  0.0046 0.0122 0.0097 0.0425 0.0554 0.0948 nd
25% 0.0028 0.0097 0.0055 0.0393 0.0646 0.0907 0.0531
50%  0.0009 0.0029 0.0019 0.0237 0.0369 0.0750 0.0119

nd = compound not detected in sediment and/or porewater

Table 5.b.6.F. Concentration (mg/L) of explosives compounds and some TNT degradation productsin
the 40SD-3 sediment porewater dilution series

% of 40SD-3 Dilution
porewater  factor

Concentration (mg/L)

100 0

125
16.7
25.0
33.3
50.0
100.0

P NWPAOO®

HMX

34

0.272
0.204
0.136
0.102
0.068
0.034

TNT

87.75

7.020
5.265
3.510
2.633
1.755
0.878

RDX 4ADNT 2ADNT 24DANT TNB

41.9

3.352
2514
1.676
1.257
0.838
0.419

34.6

2.768
2.076
1.384
1.038
0.692
0.346

29.5

2.360
1.770
1.180
0.885
0.590
0.295

6.87

0.550
0.412
0.275
0.206
0.137
0.069

0.16

0.013
0.010
0.006
0.005
0.003
0.002
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Table5.b.6.G. Toxicity of TNT, TNB, 24DANT, RDX and HMX to Hyalella azteca in exposures
to spiked sediment or water.

Compound  10-d sediment 10-d water L Cs
L Cso (Mg/kg)
TNT 29 25mg/L
TNB 101 nd
2,ADANT 32 nd
RDX >250 no mortdity & 50 mg/L
HMX >250 no mortdity a5 mg/L

nd = not determined

Table5.b.6.H. Concentration (mg/kg dry wt.) of explosives compounds and some TNT degradation
products in sediments collected from Picatinny Lake in 2002.

Sample HMX TNT RDX 4ADNT 2ADNT 24DANT
September Sampling

Low 0 1.3 0 0 0 0
Medium 0 0 0 0 0 0
High 0 0 0 0 0 0

November Sampling
SD-3 0 0.4 0 0.2 0 0
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Figure5.b.6.A. Mean percent surviva of amphipods and oligochaetes exposed to a dilution series of
40SD- 3 sediment.
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Figure5.b.6.B. Mean percent surviva of amphipods exposed to a dilution series of 40SD-3 sediment
porewater.
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Table5.b.7.A. Water concentrations during the C. tentans 4-d exposure expressed as TNT-molar
equivaents (LSC) or sum molar concentration of TNT and 4ADNT (HPLC).

Target Measured (pmol/L)
(mg/L)  (umol/L) LSC HPLC
Mean 24-h % Mean 24N% o AADNT o6 LSC
decrease decrease

0 0 0 0

0.25 1.1 092+0.09 9.7+125 0.60+0.40 63.7 93.1 65.3

0.5 2.2 2.06 + 0.06 7.7+3.6 1.01+0.50 51.8 76.7 48.9
1 4.4 381+024 109+48 274+1.59 58.0 62.0 72.0
2 8.8 743+0.72 11.3+121 6.27+353 56.9 87.3 84.4
4 17.6 13.69+1.36 12.7+12.2 1048+ 4.16 43.8 66.5 76.5
6 26.4 2043+10.31 56 +96 1561+ 7.46 50.5 51.1 76.4

Table5.b.7.B. Tissue concentrations a termination of the C. tentans 4-d exposure expressed as
TNT-molar equivaents (LSC) or sum molar concentration of TNT and its breakdown products
(HPLC) and corresponding bioconcentration factors (BCF).

Treatments Surviva LSC HPLC
Body Residue BCE Body Residue BCE % LSC
(umol/g) (umol/g)
0 94.0+ 8.9
1.1 87.5+126 011+0.02 123+17 0.012 20.5 10.9
2.2 825+17.1 027+0.08 129+ 36 0.010 10.3 3.7
4.4 87.5+9.6 0.45 + 0.09 117+ 24 0.015 5.3 3.3
8.8 85.0+ 9.6 0.75+0.19 101+ 26 0.053 8.5 7.1
17.6 275+287 1.25%+0.04 85+ 12 0.178 16.9 14.2
26.4 0 Nd Nd Nd Nd nd

Nd = not determined

Table5.b.7.C. Four-day LC50 and LR50 values expressed as TNT-molar equivaents (LSC) or sum
molar concentration of TNT and its breakdown products (HPLC).

LCS0

(umol/L)

LR50

(umol/g)

LSC 10.55 (9.11- 12.22)

HPLC 8.54 (7.2- 10.13)

1.05 (0.97 - 1.14)

0.12 (0.10 - 0.14)
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Figure5.b.7.A. Percent of the total body resdue comprised of TNT and TNT breakdown productsin
the tissue of C. tentans at termination of a4-d agueous exposureto TNT.
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Figure5.b.7.B. Percent survivd of C. tentans a termination of a4-d aqueous exposureto TNT asa
function of body residue determined as TNT-molar equivaents (LSC) or sum molar concentration of
TNT and its breakdown products (HPLC).
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Table 5.b.8.A. Water concentrations during the L. plumul osus 8-d exposure expressed as TNT-molar

equivaents (LSC) or sum molar concentration of TNT and 4ADNT (HPLC).

Target Measured
mg/L pumol/L LSC HPLC
24-h % % 24-h %

Mean decrease Mean AADNT decrease HPLCLSC
0.25 11 108+0.03 59+64 052+040 374+342 61.7+205 47.6+34.6
0.5 2.2 198+0.04 87+46 099+0.70 28.7+34.1 653+105 50.2+34.7
1 4.4 432+029 74+38 248+135 1731218 57.8+9.7 61.6+30.3
2 8.8 790+ 015 03+21 529+202 81+75 38.1+109 657+240
4 17.6 15.43 £ 0.06 0 12.58 + 2.28 11+16 227+50 90.4+16.7
6 26.4 23.28+0.10 11+05 2161+0.71 0.4+0.6 45+69 1034+25

Table 5.b.8.B. Toxicokinetic parameters derived from the L. plumulosus 8-d exposure: uptake rate
(Ky), dimination rate (K ¢), diminaion haf-life (ty,), time for 95% Steady State (TSSes) and
bioconcentration factor (BCF). * = p vauefor the estimate > 0.1.

Target Ky Ke t12 TSSes (h) BCF Measured
(umol/L) (ml g* hh ht (h) ° (Ku/ K BCF
1.1 53+1.9 0.027 + 0.011 26 110 196 192
2.2 29+0.6 0.010 + 0.036 69 299 290 252
4.4 51+26 0.024 £ 0.015 29 124 212 183
8.8 1.3+0.7 0.005 + 0.007* 139 ND 260 203

Table5.b.8.C. Four-day LC50 and LR50 vaues expressed as TNT-molar equivadents (LSC) or sum
molar concentration of TNT and its breakdown products (HPLC).

Day LC50 LR50
mg/L pumol/L pumol/g
Day4 25(2525) 109(10.8-11.0) 1.12(1.11-1.13)
Day8 1.4(1.31.4) 6.1(5.9-6.3) 1.07 (0.96 - 1.20)
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Figure 5.0.8.A. Accumulation of TNT molar-equivdentsin thetissues of L. plumulosus over time
during 8-d exposures to different TNT aqueous treatments. Curves represent model predicted values.
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Figure5.b.8.B. Percent survivd of L. plumulosus exposed to different TNT agueous treatments at
days 2, 4 and 8. * indicates sgnificant difference from the control.
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Figure5.b.9.1. Decreasesin Chironomus tentans growth and survival are dependent upon
TNT exposure concentration and duration.

A. Theeffect of agueous TNT exposures on survivd at 1, 24, 96, and 240 hrs. B. The effect of
aqueous TNT exposures on growth as average wet weight of animasat 1, 24, 96, and 240 hrs. Means
ggnificantly different from 240-hr control are denoted with an “a’. Means sgnificantly different from 0.1
mg L™ TNT exposure a the same time point are denoted with a“b”. Means significantly different from
0.5mg L™ TNT exposure & the same time point are denoted with a“c”. Means significantly different
from 1.0 mg L™ TNT exposure a the same time point are denoted with a“d”. Means significantly
different from 2.0 mg L™ TNT exposure at the same time point are denoted with an “€’. Means
sgnificantly different from same exposure a the 1-hr time point are denoted with an “f’. Significant
differences by Student’ st-test, p<0.05.
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Fig 5.0.9.2. Effect of TNT on histone H1a gene expression, survival, and growth over time.

A. Effect of TNT onweight over time. B. Effect of TNT on surviva over time. C. Effect of TNT on
histone H1a gene expression over time. Means sgnificantly different from 240-hr control are denoted
with an “&’. Means significantly different from 0.1 mg L™ TNT exposure at the same time point are
denoted witha“b”. Significant differences by Student’ s t-test, p<0.05.
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Figure5.b.9.3. Histone la expression levels correlate with both growth and survival at
different levelsof TNT.

Means significantly different from 240-hr control are denoted with an “d’. Means sgnificantly different
from 96-hr 0.1 mg L™ TNT exposure are denoted with a“b”. Significant differences by Student’st-
test, p<0.05.
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Table5.b.9.1. Histonehlaexpression isaffected by exposureto PAHS, a pesticide, and

metalsin C. tentans.

Expression was determined in 16-hr exposures and normalized to 18SrRNA.

Chemical Exposure Hla Hla Hila LCs water
(umoleL™)  expression  normalized expressionn (umoleL™)  quality
relative to topmoleL™  ormalized to criteria®
control exposure toxic dose (umoleL™)
toxicant (LCsp)
DDT 0.00056 14.0£5.0? 24850 84 0.0034" 0.0031
(10d
exposure)
Phenanthrene 0.14 252+73° 179.6 2278 127° na
(10-d)
Fluoranthene 0.15 23t09 ns 133 112° na
(10-d)
CdasCdCl, 055 43+19° 79 273 346° 0.018
(14-d)
CuasCuCl 055 24+05° 44 235 534° 0.205
(12-d)
ZnasZnCl, 0917 153t041 ns 9 550" 1.84
(20-d)
Acetone 1.0£0.2

ns=not sgnificantly different from control

na=not available

-0 Qapop

Sgnificantly different from acetone control, Student’ s t-test p<0.05.
Phipps, et al., 1995, Hoke, et al., 1997.
Lotufo, unpublished

Suedd, et al. 1997.

Nebeker, et al., 1984.

Sbley, et al., 19967USEPA, 2002



