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Abstract
Sediment contamination can pose risks to the enwiemt, and sediment toxicity tests have
been developed to isolate the impact of sedimem fother factors. Mixtures of
contaminants often occur in sediments, and trathtiendpoints used in toxicity testing, such
as growth, reproduction, and survival, cannot distiee cause of toxicity from chemical
mixtures because of complex interactions. In urvaterways, the synthetic pyrethroid
bifenthrin and the metal copper are commonly foumighixtures, so the present study was
designed to investigate how these contaminantsedaugity in mixtures. To investigate
this, Chironomus tepperi was exposed to environmentally relevant conceaatrstof copper
and bifenthrin-spiked sediments in a 2-way factarture for 5 d. Growth and expression
profiles of cysteine metabolism genes were measafted exposure. Growth increased at

low copper concentrations, decreased at high capperentrations, and was unaffected by



bifenthrin exposures. Copper exposures inducedlges=llular repair by upregulatirtg
adenosylmethionine synthetase expression and dgwateng expression &
adenosylhomocysteine hydrolase and cystathiopiagathase. Metallothionein upregulation
was also observed. Bifenthrin exposure alterecegystmetabolism to a lesser extent,
downregulating cystathioningsynthase ang-glutamylcysteine synthase. Synergistic,
antagonistic, and dose-dependent interactions @l@served, and there was evidence of
conflicting modes of action and limited substrateduction. These findings demonstrate
how contextual gene expression changes can bdigeraid specific identifiers of toxicant
exposure in mixtures.
Keywords. Cysteine metabolism, Gene expression, SedimeitityXT ranssulfuration,
Mixture exposure
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INTRODUCTION

Sediments are often highly contaminated becausepldbic chemicals introduced
to waterways bind to suspended patrticles, settl@ aacumulate. In this way, sediments can
reflect past and present contamination at condgosathat are orders of magnitude higher
than concentrations in water in the same systenMahy aquatic organisms rely on
sediment for protection and food, so sediment ttxtests with benthic organisms are often
included in routine aquatic risk assessment.

Sediment toxicity tests are useful because theydataize experimental conditions
and isolate the impact of sediment from factordhyaghydrology and habitat [2,3]. In
southern Australia, a common sediment toxicity teganism is the chironomidhironomus

tepperi. Similar toChironomus riparius andChironomus tentans assessed in the northern



hemisphere [2,4], it breeds well in the laboratamg spends the majority of its life exposed
to sediment [5]. Sediment toxicity tests with thrganism traditionally assess mortality and
sublethal whole-organism endpoints, such as reptaduor growth, and interpret these
endpoints in light of sediment chemistry analyseg.( Kellar et al. [6]). However, toxicity
from chemical mixtures in field sediments is oftéfficult to discern because of
unpredictable interactions. Mixture interactionswcat various levels. In exposure media,
interactions between contaminants can regulate bi@available fractions, whereas at the
organism level, they may regulate their uptake @ggpliration processes and their reaction
with biological targets [7]. Synergistic interact®of contaminants can cause toxicity at
exposure concentrations lower than observed iresitgntaminant exposures [8]. Chemical
analysis of mixtures may not correlate with toxidecause often only part of the mixture
associated with toxicity is identified [9,10]. Higlcontaminated sites are particularly
difficult to characterize because of the complegityhe mixtures and because of changes in
chemical composition of sediments over time as si¢éipa and degradation occur [9]. In
these cases, it is essential to understand howaotxspecific responses perform in mixtures
in order to help identify contaminants and to imygroeapid screening for chemical
interactions [9].

Spiked mixture experiments are the first step tobWaaproving our understanding of
mixture toxicity in sediments. These experimentseas a few interacting factors in
simplified mixtures, often focusing on chemical—cteal, chemical-nutrient, or chemical—
geochemical interactions [11-13]. However, fieldiseents potentially comprise multitudes
of interactions in a single mixture. Thus, aftezntifying responses to mixtures in simplified
spiked combinations, these responses must be tedidafield sediments, where
geochemical, nutrient, and chemical interactiong owxur simultaneously.

In aquatic environments, gene expression pattemmereasingly used as a tool to



examine how organisms respond to toxicants. Theg tiee potential to identify exposure
and sublethal stress that can lead to environmdegahdation [14,15]. As a result, gene
expression data are now accepted by the US EnventahProtection Agency as part of a
weight-of-evidence approach for environmental assest [16]. Several studies have
investigated transcriptomic responses to polluiiofieshwater biota [17,18]. However,
whole-transcriptome techniques are still not cdfgetive for routine toxicity testing. An
alternative approach involves measuring transteisls in a well-studied stress response
pathway. Cysteine metabolism plays a central rmoldetoxification against environmental
stress [19,20]. Previously, we reported the respofseveral genes regulating cysteine
metabolism under the influence of waterborne cof@aj or cadmium [21]. The different
transcriptional responses of genes observed imptiaaetal-specific detoxification
pathways and suggested that gene expression gruofitais pathway could potentially
provide informative biomarkers. However, contamimaixtures can influence gene
expression differently from individual contaminaxjposures [7,18]. These mixtures can act
additively, synergistically, or antagonistically@n influence expression patterns in
idiosyncratic ways.

The present study was designed to investigate ixpwession profiles of cysteine
metabolism genes i@. tepperi respond in a standard toxicity test involving aaheesticide
mixture and to compare these expression profileaeses to whole-organism endpoints
traditionally used in these tests. A spiked sedinegposure was used to assess these
responses, and 3 field sediments containing similature concentrations were used to
validate them.

The expression profiles of 9 genes involved in@yst metabolism oF. tepperi were
investigated. The genes encode enzymes involveteiremethylation cycle

adenosylmethionine synthetaSAM] andS-adenosylhomocysteine hydrolagSAH]), the



transsulfuration pathway (cystathionipdyase[C)L], cystathionine3-synthaseCAS, y-
glutamylcysteine syntha$&CS-CAT], glutathione synthetag&s], and thioredoxin
glutathione reductas@GR]), and 2 resulting stress response proteins (diatae S
transferase delta GSTd1] and metallothioneifiMtn]). The expression of these genes had
previously been characterized under metal expasusater, which confirmed their potential
for investigating mixture toxicity [21,22].
METHODS
Spoiking of sediment

Sediment was collected from Glynns wetland, an ntarainated wetland 30 km east
of Melbourne (organic carbon, 2.2%). Sediment viexgesl to 63 um and allowed to settle
for 24 h. It was then spiked using methods from&iom et al. [23], with adjustments to be
dilution pH 7 spiking, whereby a high-spike seditngtiock was diluted to improve binding
and equilibration of metal to sediment [24]. Seditngock was spiked and pH adjusted in a
nitrogen atmosphere. Spiking solutions were madeittpdeoxygenated water and added to
sediment, and then sediment was mixed vigorousiyralhed on a bottle roller for 2 h to 3 h.
After 24 h, the pH was adjusted to 8 with 1 N sadiwydroxide, and sediments were
equilibrated for 25 d, rolling for 2 h to 3 h 3 &na week. The Cu (as Cu|[ll] chloride) used
to spike was analytical reagent grade; becausssibben shown that pesticide formulation
affects toxicity [25], we used a commercially agble formulation of bifenthrin to be
environmentally relevant (Hovex ant granules). Agégquilibration, the stock sediment was
diluted and mixed in a 2-way factorial design tog@te 3 exposure concentrations of each
contaminant: low (Cu, 44 mg/kg; bifenthrin, 0.038/kyg), medium (Cu, 176 mg/kg;
bifenthrin, 0.063 mg/kg), and high (Cu, 308 mg/kdenthrin, 0.23 mg/kg). Based on
preliminary data, these concentrations were sudl@ihd expected to induce stress. Hence,

they were also expected to induce genetic profilnges linked to toxicity. Concentrations



of Cu were based on sediment quality guidelines2[Z6 The low Cu treatment concentration
was above the threshold effect concentration gue€B1.6 mg/kg), the medium Cu
concentration was above the probable effect coretgo and interim sediment quality—low
guidelines (149 mg/kg and 80 mg/kg, respectivelgy the high Cu concentration was above
the interim sediment quality—high guideline (270/kgy. There are currently no sediment
guality guidelines for bifenthrin, so concentrasomere based on observed field
concentrations and preliminary laboratory exposusesliment from each treatment was
taken for chemical analysis at the start of theosype. Total Cu was analyzed through
inductively coupled plasma atomic emission spectpg method EGOO5T (Australian
Laboratory Servicesgnd bifenthrin was analyzed using gas chromatogrdphdem mass
spectrometry method NR47 (National Measuremeniting). Measured concentrations are
reported, with the exception of the unspiked cdntich had a measured Cu concentration
of 11 mg/kg and a bifenthrin concentration below limit of range of 0.01 mg/kg but is
reported as 0 mg/kg for both contaminants.
Ste comparison

A comparison of sites was undertaken to investigétether field-collected
sediments caused similar responses to those olsertige spiked mixture experiment.
Three sites known to have moderate synthetic pyoietland metal contamination were
selected from within the greater Melbourne area Bip 2 cm of sediment was collected
from each site, filtered to 63 um, and allowedetils for 24 h. Metal and synthetic
pyrethroid concentrations were then determinedeasrtbed and are displayed in Table 1. A
metal contamination quotient (probable effect cotregion quotient [PECq]) was calculated

for the sites from MacDonald et al. [27] as
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where M is the metal measured, PECm is the consdrested probable effect concentration
for M, andn(M) is the total number of metals measured. Symtlptrethroid contamination
was determined as the sum of bifenthrin and pemmetioncentrations (mg/kg; Table 1).
Organism exposures

Chironomus tepperi larvae for experiments were maintained at the i@dot Aquatic
Pollution Identification and Management (UniversafyMelbourne) and originally had been
collected from Yanco, New South Wales, Australmliarch 2014 (courtesy of
<ZAQ;1>M.M. Stevens). The culture was maintained undes:8-h light:dark cycle at 20 £
1 °C in aerated culture medium (reverse osmosisveantaining 0.07 mmol calcium
chloride, 0.1 mmol sodium chloride, 0.08 mmol magum sulfate [MgSG), 0.12 mmol
sodium bicarbonate, 0.01 mmol potassium dihydrqgersphate, and 0.01 pmol iron[lll]
chloride), with ethanol-rinsed tissue paper as sates Larvae that hatched from eggs were
reared to second instar (5 d old) under culturelitmms and supplemented with 10 mg/egg
mass ground commercial fish food 3 times per wédelkr&Min).

For exposures, 5 replicate 600-mL beakers were fasedixture treatments, and 3
replicates were used for individual contaminaratireents. Each beaker contained 140 g of
treatment sediment and 200 mL culture medium arslallawed to settle for 24 h prior to
exposure [2,4]. At this stage, 70% of the cultuediam was renewed and 20 larvae (5 d old)
were added to each replicate. Larvae were expasegdd. Water was renewed and larvae
were fed 2.5 mg/larvae on days 1 and d 3. Dissabwgden, pH, ammonia, and electrical
conductivity were measured at each water renewigdr Axposures, larvae were removed
from sediment using a 135n sieve and rinsed in deionized water. A subs&bOdarvae was
snap frozen for gene expression analysis, ancethaining larvae were stored in 70%
ethanol for dry weight analysis.

RNA extraction



The High Pure RNA Tissue Kit (catalog no. 12033@¥%Roche) was used to isolate
RNA according to the manufacturer’s protocol, vattme small adjustments. The larvae
from each replicate were homogenized at 0 °C in@0fysis buffer using a cryomill
(Precellys 24; Bertin Technologies). The homogenate transferred, and the beads were
rinsed with a further 150L lysis buffer before extracting per the kit pravhdExtracted
RNA was eluted in 50 pL ribonuclease-free watee Trtegrity of the total RNA was
checked on a 1.5% agarose gel and quantified aka3Tplate (BioTek). All RNA samples
had a 260/280 ratio between 1.9 and 2.1 and waibsifor complementary DNAcid
(cDNA) synthesis.
Reverse transcription

Total RNA (2 pug) was reverse-transcribed usinglagoaleoxythymidine primer and
Moloney murine leukemia virus reverse transcrip{@s¢éalog no. M1705; Promega),
following the manufacturer’s protocol. The cDNA wagn checked for genomic DNA
(gDNA) contamination using a pair of ribosomal giatL11 primers that flank a 345-bp
intron. The expected cDNA amplicon was 466 bp, whsramplification of the 811-bp
product would indicate the presence of gDNA [28mplate cDNA was diluted to 400 pL
and stored at —20 °C.
Gene expression analysis

Primers used to amplify cysteine metabolism gea@e Iheen described previously
[21]. Briefly, literature and online databases w&earched, and cysteine metabolism gene
sequences were recorded for species closely raat@depperi. Conserved regions were
then identified using the ClustalW function in Molgar Evolutionary Genetics Analysis,
Ver 5 [29], and degenerate primers were designied) i&imer3Plus [30]. Directly
sequenced amplicons froBh tepperi were then searched against the GenBank protein

database [31] and FlyBase [32] to ensure thatdhect gene sequences were amplified.



Primers suitable for quantitative polymerase chaaction (QPCR; fragment length, 60-150
bp; optimal temperature, 65 °C; and primer len@26 bp) were designed within the
degenerate amplified sequence, and the gPCR amplias directly sequenced to confirm
amplification of the target genes. Primers usedjRICR are displayed in Table 2, and further
information including degenerate primers and angplisequences is available elsewhere
[21]. Primers amplifyinglGR were added for the present study, andliiBR amplicon

showed strong homology to its target protein whdrexted to a BLASTx search against the
Drosophila melanogaster annotated protein database [31]. The top hiTBR was a
thioredoxin reductase-1 splice variant sharing 6@étity (E = 2&*'), and the fragment
included the<ZAQ;2>TGR domain (E = 1.568").

Gene expression was measured using real-time qRifiRgene-specific primers.
Real-time gPCR was performed with the LightCy&l480 (Roche Applied Science) in 10-
ML reactions containing the following componentgi lof cDNA, 1 uL of ThermoPol 10x
buffer (catalog no. B9004S; NEB), 0.8 of MgSQ, (100 mM), 0.064.L of
deoxynucleotide triphosphate (25 mM), 0i250f LightCycler 480 High Resolution Melting
Master Mix (catalog no. 04909631001; Roche), DDf Immolase DNA polymerase
(catalog no. BIO- 21047; Bioline; 5 unit$/), and 6.696.L of water and 0.4.L of forward
and reverse primer mix (1M each) [33]. The gPCR program was 10 min at 95 °C;
followed by 50 cycles of 10 s at 95 °C, 15 s at68and 15 s at 72 °C; followed by a
melting curve analysis from 65 °C to 95 °C to eedhiat a single product was formed.
Resulting fluorescence data were normalized usiagliata-driven NORMAGene
normalization method [34].

Satistical analysis
Differences in relative normalized expression ofjéa genes between treatments were

analyzed using R (Ver 3.2.1). All survival, growéimd gene expression data were found to



be normal with equal variance using the Kolmogasmwirnov (ks.test[stats]) and Levene
(leveneTest[car]) tests with the exception of tite sediments. For the spiked mixture
experiment, an overview of gene expression in yiséeme metabolism was obtained using
principal component analysis (princomp[stats]) vatmatrix of the 9 genes and 16 treatment
groups. Gene expression differences between comdautsi were tested with factorial
analyses of variance (ANOVAs; aov[stats]) consuigICu, bifenthrin, and the interaction of
Cu and bifenthrin. Treatments with significant natetions between contaminants were
assessed for antagonism, synergism, or idiosyodratids by comparing mean values of
each treatment. Because of multiple comparisotieatments involving 9 genes, only
differences ap = 0.005 were considered significant based on dédBmmni correction.
Parabolic regression lines were added where sigmifitreatment effects were detected, to
illustrate changes in expression with levels of Ear. the preliminary site comparison,
sediments from sites were compared to the contitbl avKruskal-Wallis rank sum test.
RESULTS
Survival and growth

Survival of C. tepperi after Cu, bifenthrin, or mixture exposure did ddter
significantly between treatments (ANOWAus s3y= 0.67,p = 0.803; Figure 1A). Exposures
were therefore sublethal, and mortality did notfoand growth or gene expression results.
Dry weight of larvae differed significantly with GaxposureKss)= 25.70,0 < 0.001) but
was unaffected by bifenthrifr s3y= 0.62,p = 0.608) with no interaction between these
factors E,53)= 1.37,p = 0.225). Dunnett’'s test revealed that low Cu led to a marginally
nonsignificant increase in larval dry weight by § to 10 mg = 0.072), medium Cu was
not different from controlsp(= 0.36), whereas high Cu significantly reduceddadry
weight by 25 mg to 30 mg( 0.001) compared with control exposures andpeesve of

bifenthrin concentration (Figure 1B). Furthermadrakey’s contrasts indicated that high Cu



was different from all other Cu treatmenps<0.001) and that medium Cu was different
compared with low Cup(= 0.002).
Cysteine metabolism

Principal component analysis of all treatments séwthat individual bifenthrin
treatments and low Cu treatments were not diffefiremt the control (Figure 2). In contrast,
medium and high Cu treatments separated primddtyggprincipal component 1 (74.1%
variance explained) with variance increasing withddncentration. This analysis also
suggested that the presence of medium and hightbifa in mixtures reduced Cu-driven
variation.

Individual expression profiles of each gene areldiged in Figure 3, and results of
the factorial ANOVA are displayed in Table 3. %M expression, Cu and bifenthrin
concentrations had significant effects on expresamd an interaction between treatments
was evident < 0.001; Figure 3A and Table 3). A dose-dependsrease was present for
Cu only and Cu+low bifenthrin mixture (2.0-fold ahd-fold increases for the high Cu
treatment, respectively). This indicates that Cs d&dvingSAM expression. For higher
bifenthrin concentration, there appeared to begamiatic effects with Cu (showing only a
1.25-fold upregulation for high bifenthrin leveldaactually a 0.5-fold downregulation for the
medium bifenthrin treatment). For the expressio8AHl, Cu exposure had a significant
effect p < 0.001), whereas bifenthrin did n@i£ 0.11). However, bifenthrin and Cu
displayed a synergistic interactign£ 0.004; Figure 3B and Table 3). Although medium Cu
did not alterfSAH expression, medium mixtures downregula®@#l expression to 0.6-fold,
lower than either contaminant individually. Furtimere, SAH expression downregulated to
0.6-fold under high Cu exposure; when combined wthneasing bifenthrin, it
downregulated to as low as 0.3-fold, indicatingesgistic downregulation (Figure 3B).

For the expression @S, Cu concentration had a significant effqek(0.001), and



bifenthrin did not jp = 0.416; Figure 3C). However, the interaction betw€u and bifenthrin
was significant§ < 0.001) and antagonistic. ExpressiorCg#iS downregulated in medium
and high individual exposures (Cu down to 0.5-falidenthrin down to 0.4-fold) and low
mixtures; however, higher-concentration mixture€afand bifenthrin showed a return to
control expression levels. These results ma8 expression difficult to predict in mixtures
because of dose-dependent differences. For thessipnof C)t, there was no significant
difference below the Bonferroni-correctpdalue of 0.005 (Cp = 0.032, bifenthrirp =
0.141) and no interactiop € 0.756; Figure 3D). The expressionh\tin differed between
exposures (Cp < 0.001, bifenthrirp < 0.001, and Cu:bifenthrip< 0.001; Figure 3E and
Table 3). Under individual medium and high Cu expeaVitn expression was upregulated
over 10-fold compared with controls. For individ#ienthrin exposureyitn expression was
downregulated between 0.6-fold and 0.8-fold. Uplation of Mtn was still evident in the Cu
and bifenthrin mixtures, but the magnitude of tpeegulation was reduced (medium
bifenthrin, 8-fold; high bifenthrin, 5-fold), indating an antagonistic interaction (Figure 3E).

The expression dBCSdiffered under Cug< 0.001) and bifenthrinp(< 0.001)
exposure (Figure 3F), with no significant interantbetween the contaminangs<0.052).
However, because of the low magnitude (x0.2-fofdhese changes, their implications are
unclear.

For GS expression, there was no significant differendg/ben treatments based on
the Bonferroni-adjustep value of 0.005 (Cyp = 0.108, bifenthrirp = 0.141, and interaction
effectp = 0.015; Figure 3G and Table 3). The expressid@Sif was also not significantly
different based on the Bonferroni-adjuspaghlue of 0.005 (Cy = 0.024, bifenthrirp =
0.144, and interactiop= 0.165; Figure 3H). For the expressioriT@R, only Cu treatments
differed significantly (Cyp = 0.001, bifenthrirp = 0.088, and Cu:bifenthrip= 0.167; Figure

31). However, similar t&5CS, the magnitude of these changes was small (0J&8%-fo



Ste comparison

The 3 sites with moderate metal and synthetic pyoed contamination were
investigated for 4 genes showing responses ingiked mixture experiment (Table 1 and
Figure 4). Although the Cu concentration was nentetal to that used in the spiked
experiment, the combination of several metals igid a moderate probable effect
concentration quotient value similar to medium haigh Cu exposures and a synthetic
pyrethroid concentration between the medium antd pked exposures (Table 1). For all
sites, the expression 8AM did not differ from control levels (Kruskal-Walljg = 0.39,
degrees of freedondf] = 1, p = 0.53; Figure 4A). For the expressionSAiH andC/S all
sites downregulated around 0.75-fojd £ 7.7,df = 1,p < 0.01; Figure 4B) and 0.5-folgq(=
6.2,df = 1,p < 0.05; Figure 4C), respectively. The expressiollim was significantly
upregulated in all sites by about 5-fojd € 8.0,df = 1, p < 0.005; Figure 4D). These results
align well with what would be expected for medium &d medium bifenthrin spiked
exposures (triangle series in Figure 2).
DISCUSSION

The present study showed how mixtures influen@asstmduced gene expression in
C. tepperi after a 5-d sediment toxicity test and compareddlgene expression changes to a
commonly used sublethal whole-organism endpoing dity weight ofC. tepperi larvae
indicated a small degree of hormesis in low Cu eypes and toxicity in high Cu exposures
based on guidelines for toxicity tests [2,4]. Usihgse endpoints, it would have been
concluded that Cu was beneficial at low exposunesraoderately toxic at high exposures
and that the bifenthrin concentrations investigatetthe present study were not toxic.
However, changes in gene expression profiles alt@renedium and high exposure
concentrations. This suggests that gene expresssponses occurred before a reduction in

dry weight was observed and that gene expressiaid poovide an early signal of pollution



exposure and associated stress.

Although low Cu-only exposure caused an increaskyrweight, there were no
significant changes in gene expression. Howevgenks displayed consistent and near-
linear dose—response expression patterns in megghiigh Cu-only exposures. The
upregulation oSAM expression and downregulation@#H expression at medium and high
Cu exposures, respectively, suggested increaskdbcehethylation, which is important for
cell function and repair [35]. The downregulatidnGfS expression at medium and high Cu
exposuress likely to inhibit @3S substrate production from homocysteine, whictuin
increases the homocysteine availableS&K (and cellular methylation) but also slows the
downstream production of cystathionine [36,37].tReirmore, the upregulation bftn
observed during medium and high Cu exposures stegijpsotective metal sequestration
through metallothionein production, which is liketyfurther diminish the cysteine pool in
the cell [38]. A marginal downregulation GICSandTGR was evident in low and medium
Cu treatments, and these responses require fumtrestigation to establish if they are
informative of Cu metabolism.

Exposure to bifenthrin-only treatments caused feaverall changes in cysteine
metabolism gene expressionGntepperi. Only downregulation 08AM, Mtn, andGCS
expression was observed following bifenthrin expesuThe downregulation of these genes
could potentially prevent protective responsesinagtase sensitivity by limiting substrate
production along the cysteine metabolism pathw&y.[3

Interactions between the effects of Cu and bifenthin the expression of cysteine
metabolism genes were common and varied dependimghich gene was considered and to
some extent on the severity of the stresses, ires@ves being reduced at relatively higher
concentrations. Strong antagonism was observ&84Mexpression. The presence of

bifenthrin in the mixture limite®AM, and hence SAM substrate production, which could in



turn limit the cellular methylation required for @uotective responses. Furthermore, the
synergistic downregulation &\H expression is indicative of the pathway being elniv
toward cellular methylation as SAM availabilitylisited. There was strong antagonism
between Cu and bifenthrin observeddfS expression; whereas both contaminants
individually downregulate S expressionCAS expression returned to control levels in
medium and high mixtures. This result could imghgmmical neutralization or an increased
demand for downstream products under high exposAresvestigation of related pathways
could shed more light on this interaction. The gatasm between Cu and bifenthrin
observed irMtn expression indicates possible limitation of MT gwotion under bifenthrin
exposure, which could reduce the protective mesgpaonse of the cell and increase
sensitivity to Cu in mixtures [40]. The reason éoreduction in the effects of mixtures at high
compared with medium concentrations is uncleanight relate to organisms starting to
shut down gene expression at particularly highlgegépollutants.

Of the 4 genes that displayed consistent and mesarldose—response expression
patterns under Cu-only exposures, onlyv2nandSAH) retained this pattern in the presence
of bifenthrin. This highlights the need to undenstgene expression under mixture toxicity if
it is to be used as an indicator of exposure Beldiments. Results from the site comparison
were relatively consistent with expectations basethe spiked mixture experiment. The
expression profiles of the sites investigated a&with the medium Cu and medium
bifenthrin mixture treatments. The probable effsmicentration quotient of several of these
sites was higher than the medium spiked treatmetit,this index assuming an additive
interaction between all metals. However, this isalwvays the case, with Cu and nickel
showing synergistic reduction Daphnia reproduction [41] and mouthpart deformities being
reduced when zinc and lead were combined in cdrtvasdividual metal treatments [13].

Furthermore, long-term weathering, organic matbeitent, and hardness of sediments can all



alter the bioavailability of contaminants in fiedddiments compared to spiked sediments
[24,27]. Thus, although the present study canrditate specific interactions that will occur
in particular sediments at a site, the results rikgkess suggest that the metal and synthetic
pyrethroid effects in the sediments tested altetesge metabolism gene expression,
consistent with observations in the medium spikedure.

The present study has demonstrated that gene sigresan identify exposure in
mixtures at sublethal concentrations. Gene exmessialysis could be a valuable tool for
environmental monitoring because it can detect supobefore traditional whole-organism
endpoints. Gene expression of cysteine metaboliamgenerally more responsive to metal
exposure than to synthetic pyrethroid exposure. él@n the presence of synthetic
pyrethroids in a mixture altered the response aggen this pathway. This provides useful
information contributing to the development of a@lverse outcome pathway, where gene
expression data on cysteine metabolism are incatgdinto environmental risk assessment
[42].

CONCLUSION

In the present study, we have confirmed the pakatiseveral. tepperi genes as
molecular biomarkers of cysteine metabolism respsns Cu and bifenthrin exposure in a
mixture. The present study showed that gene expressaltered at lower concentrations
than apical endpoints observed in whole organisiaghermore, the results identified
several expression interactions that should beiderexd when looking at contaminants in

mixtures.
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Figure 1. (A) Survival and (B) dry weight of Chironomus tepperi larvae after exposure to
different concentrations of copper and bifenthrin (n = 3) and mixtures of both (n = 5).
Treatment effects were tested with analysis of variance (***p < 0.001; ° = marginal
nonsignificance). Error bars indicate standard error of the mean.

Figure 2. Principal component analysis scores b&Chironomus tepperi cysteine
metabolism genes after 5-d exposure to 16 treatwdropper and bifenthrin in 2-way
factorial mixture of low, medium, and high concatibns (single treatments = 3; mixture
treatmentsn = 5). BH = bifenthrin high concentration; BL = hiféarin low concentration;
BM = bifenthrin medium concentration; CH = copp@thconcentration; CL = copper low
concentration; CM = copper medium concentrat®fs = cystathioning3-synthaseCut. =
cystathioninegrlyase; Ctl = controlGCS = y-glutamylcysteine synthas&S = glutathione

synthetaseGST = glutathioneS-transferase delta Mtn = metallothionein; PC = principal

componentSAH = S-adenosylhomocysteine hydrola§&M = Sadenosylmethionine



synthetaseTPx = thioredoxin glutathioneZAQ;3>reductase.

Figure 3. Expression profile @hironomus tepperi cysteine metabolism genes after 5-d
sediment exposure to copper and bifenthmis @) and mixtures of botmE 5): A) S
adenosylmethioningynthetase§AM); (B) Sadenosylhomocysteine hydrola§aAid); (C)
cystathioning3-synthaseC5S); (D) cystathioningrlyase(C)L); (E) metallothioneinMtn);
(F) y-glutamylcysteine synthag&CS-CAT); (G) glutathione synthetas&¥§); (H)
glutathioneS-transferase delta GET); and () thioredoxin glutathione reductaseGR).
Expression was measured using real-time quantt@iblymerase chain reaction and
normalized using the data-driven algorithm NORMAgeData are displayed relative to
control exposures (black line) + standard errahefmean (black dashed lines). Parabolic
trend lines are displayed for genes with signifia@sponses to either contaminant or an
interaction between the contaminants. Significamae determined with a factorial analysis
of variance. Error bars indicate standard erraghefmean.

Figure 4. Expression oA() S-adenosylmethionine synthetaSAi), (B) S
adenosylhomocysteine hydrolag§aid), (C) cystathioning3-synthaseCAS), and D)
metallothioneinMtn) in 3 field sediments. Data are displayed relatoveontrol exposures
(black line) + standard error of the mean (blac&dal lines). Sites were contaminated with
moderate levels of metal and synthetic pyrethraglgdicated in Table 1. Site differences
were tested with Kruskal-Wallis testg(% 0.05; **p < 0.01; ***p < 0.001). Error bars

indicate standard error of the mean.

<<ENOTE>> AQ1: Please add the affiliation, city, state, and coufar M.M. Stevens.
<<ENOTE>> AQ2: OK as changed from "TRG"?
<<ENOTE>> AQ3: Figure 2: Correct definition for "TPx"?

<<ENOTE>> AQ4: Table 3: This note previously said significanfei€nces were indicated



in bold. However, none of the values appeared todbé ET&C does not use bold font
within tables, so this has been converted to @ tfmatnote. Please indicate which values

should have an “a” note. If none should, pleasetdehe note.

Table 1. Metal and synthetic pyrethroid concentragiof site and spiked sediment treatments

selected for cysteine metabolism gene expre&sion

Treatment Ar Cd Cr Cu Pb Hg Ni Ag Zn PECq Bif Pe

Field collected

Site 1 5 1 25 33 33 01 12 2 315 031 0.089 0.0

Site 2 <5 <1 47 67 94 01 36 <2 913 054 0.095 00

Site 3 5 <1l 56 88 64 <0.1 40 <2 794 0.64 0.11 0.0
Lab spiked

Unspiked <5 <1 22 11 12 <01 10 <2 49 0.19 <0.001 <O.(

Low 44 0.22 0.032
Medium 176 0.33 0.063
High 308 0.44 0.23

& Chemical concentrations were summarized as prel&ff#ct concentration quotient for

metals and sum of synthetic pyrethroid concentnatio



Ar = arsenic; Cd = cadmium; Cr = chromium; Cu =pep Pb = lead; Hg = mercury; Ni =
nickel; Ag = silver; Zn = zinc; PECq = probableesff concentration quotient; Bif =

bifenthrin; Perm = permethrin; SP = synthetic pyretd summed.



Table 2. Primers used to amplify target genes t@angjtative polymerase chain reaction,

including primer sequence, amplified fragment saej GenBank accession number (if

available)
Fragment
Gene Primer 5'-3' size (bp) GenBank accession no.
SAM F — CCAAAGTTGCATGTGAAACTGTAAGC 66 Too short to be submitted,

SAH

CBS

Ci

Mtn

GS

GCS

GST

TGR

R - TTGATGTGATTTCACCACACAATAGG
F - GCATTGGGTGCATCTGTTCG
R — CCGCGCCATGCAAATACAC
F - GCAATGGCATGTGCTGTTCG
R - TTTCAGCACCAAGAGCTTTCAAGAC
F - GGGAATGGAAGTGATTTTTGTCG
R-TTGTTGGCGTTTCCAACCAC
F - ACCAATCTTGCGGCCAAGG
R - TGCAACAGTTCGTTGCAGCAG
F - CAAGCATTAGCAAAGCCTGGAATC
R-TTGTGATTTCATCCTCATCAGTCAAG
F - TGCGACGTGGAGAGAAGGTG
R — CCCATTCCAAAACCCATTGC
F - GCTATGGAAACTGCAATGGGATTC
R - TCAGCAACAGTGAGGCTATCACC
F - ACGGATGGGAACTCGAGAAGCC

R - TCACGCAAATCAACTCTTGTCACCC

107

100

98

137

61

130

83

110

see Jeppe et al. [21]

KF740474

KF740475

KF740476

Too short to be submitted.
see Jeppe et al. [21]
Too short to be submitted,
see Jeppe et al. [21]

KF740473

Too short to be submitted,
see Jeppe et al. [21]

KJ996072




SAM = Sadenosylmethionine syntheta§&H = S-adenosylhomocysteine hydrola&§y3S =
cystathioning3-synthaseCj)t. = cystathioningrlyase;Mtn = metallothioneinGS =
glutathione synthetas&CS = y-glutamylcysteine synthas&ST = glutathioneStransferase

delta 1;TGR = thioredoxin glutathione reductase.



Table 3. Significance of copper and bifenthrin @mronomus tepperi cysteine metabolism
genes after 5-d sediment exposure to copper ardthiin = 3) and mixtures of botm(=

5) as assessed by a factorial analysis of variance

Gene Contaminant df Mean square F p

SAM Bif 3 0.54 12.81 <0.001
Cu 3 0.94 22.38 <0.001
Cu:Bif 9 0.39 9.26 <0.001

Residual 51 0.04
SAH Bif 3 0.09 2.11 0.111
Cu 3 1.31 29.98 <0.001
Cu:Bif 9 0.14 3.21 0.004

Residual 51 0.04
CpS Bif 3 0.03 0.97 0.416
Cu 3 0.31 10.56 <0.001
Cu:Bif 9 0.21 7.28 <0.001

Residual 51 0.03
CyL Bif 3 0.11 1.88 0.144
Cu 3 0.18 3.18 0.032
Cu:Bif 9 0.04 0.63 0.762

Residual 51 0.06
Mtn Bif 3 26.96 8.15 <0.001
Cu 3 327.22 98.96 <0.001
Cu:Bif 9 24.26 7.34 <0.001

Residual 52 3.31



GS Bif 3 0.16 1.90 0.141

Cu 3 0.38 2.13  0.108
Cu:Bif 9 0.02 2.58  0.015
Residual 52 0.01
GCS Bif 3 0.08 14.37 <0.001
Cu 3 0.09 3490 <0.001
Cu:Bif 9 0.11 2.05 0.052
Residual 51 0.04
GST Bif 3 0.14 1.89 0.143
Cu 3 0.26 343 0.024
Cu:Bif 9 0.12 1.52 0.165
Residual 52 0.08
TGR Bif 3 0.04 2.30 0.088
Cu 3 0.11 6.01 0.001
Cu:Bif 9 0.03 1.52 0.167
Residual 51 0.02

2<Z AQ;4>Significant difference after Bonferroni adjustm@mi 0.005).

df = degrees of freedom; SAMSadenosylmethionine synthetase; SAIS=

adenosylhomocysteine hydrolas€§SC= cystathioning-synthase; €L = cystathioniney



lyase; Mtn = metallothionein; GS = glutathione $wtase; GCS y-glutamylcysteine
synthase; GST = glutathioi&transferase delta 1; TGR = thioredoxin glutathiceductase;

Bif = bifenthrin; Cu = copper.



