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ABSTRACT: Research into the effects of contaminants on fishes is often conducted on wellstudied model test species, whose responses may be different than those of endangered species.
We developed an oligonucleotide microarray consisting of 12 595 genes to examine the effects of
the pesticide permethrin on an endangered fish in California, USA, the delta smelt Hypomesus
transpacificus. The microarray was used in combination with quantitative PCR (qPCR) assessments. We exposed larval delta smelt to permethrin for 96 h at concentrations of 0.69, 1.37, 2.56,
4.84, 12.88 and 24.94 µg l−1, and compared the responses to a control group. The 96 h 50% lethal
concentration (LC50) was 4.07 µg l−1, which is lower than those reported for model test species and
similar to other endangered species. With increasing exposure concentration, we detected the differential expression of 3342 microarray features with elevated expression of genes involved in
protein degradation and apoptosis, and decreased expression of immune function genes. Functional analysis indicated that genes involved in protein degradation, immune function, an
unfolded protein response, metabolism and cell signaling cascades were affected by exposure to
permethrin. Many of the gene responses in the 0.69 µg l−1 treatment group differed in their directional change in expression from those at higher exposure concentrations, suggesting a potential
mechanistic threshold of sub-lethal toxicity at concentrations below the lowest observed effect
concentration (LOEC) of 2.56 µg l−1. These results are consistent with non-monotonic response
patterns to contaminants, and demonstrate the effects on a sensitive fish species of a widely used
pyrethroid pesticide at concentrations below those that affect model test species.
KEY WORDS: Permethrin · Sub-lethal effects · Gene expression · Non-monotonic response ·
Sensitive fish species · Neurotoxicity

INTRODUCTION
Assessments of contaminant impacts generally rely
on the use of well-studied model test species that
have been approved by regulatory agencies for use
in toxicity testing (e.g. fathead minnow Pimephales
*Corresponding author: kenmjeffries@gmail.com

promelas and rainbow trout Oncorhynchus mykiss in
fresh water, sheepshead minnow Cyprinodon variegatus in salt water). However, the responses in model
test species may be different than those species of
conservation concern depending on the contaminant
or the species (Dwyer et al. 2005). While the use of
© The authors 2015. Open Access under Creative Commons by
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surrogate species rather than endangered species for
toxicological testing is technically preferable and
sometimes necessary, the ability to assess contaminant impacts on endangered relative to surrogate
species requires a comparative evaluation of sensitivities to a particular contaminant or classes of
contaminants. Comparative sensitivity studies conducted with endangered species and model test species have been used to determine sensitivity factors
that could be applied for the protection of species
listed under the United States Endangered Species
Act (ESA; e.g. Dwyer et al. 2005). These sensitivity
factors are useful for determining potential relative
effects of exposure for certain species that are not
amenable to or available for laboratory study; however, when possible, a direct approach of conducting
toxicological studies on cultured species of conservation concern is potentially most informative (Dwyer
et al. 2005). Comparative sensitivity assessments
have mainly focused on acute lethal exposures, examining lowest observed effect concentrations (LOEC)
or no observed effect concentrations (NOEC), which
are generally higher than the concentrations aquatic
organisms experience in the environment and may
not be as sensitive to sub-lethal exposure as changes
in physiology, behavior and gene expression. Many
biological processes such as tissue differentiation,
cell proliferation and growth may be impacted by
sub-lethal contaminant exposure (Mazurais et al.
2011), and therefore potentially provide a more sensitive response to low exposure concentrations than
standard test endpoints and may ultimately be more
predictive of longer-term adverse effects.
The delta smelt Hypomesus transpacificus is a
pelagic fish species endemic to the Sacramento−San
Joaquin Rivers and the San Francisco Estuary, CA,
USA. This species has experienced a decline in
abundance since the 1980s (Moyle et al. 1992, Bennett 2005), with a significant step decline in 2000
(Feyrer et al. 2007, Sommer et al. 2007). The delta
smelt was classified as threatened under the Federal
and State ESA in 1993, listed as endangered under
the California ESA in 2010 (CDFW 2014), and classified as Critically Endangered by the International
Union for Conservation of Nature in 2014 (IUCN;
www.iucnredlist.org/details/10722/0). Factors contributing to the species’ decline include habitat degradation and loss, competition with non-native species,
decreased food availability due to changes in community structure, and alterations in the physiochemical properties of the system (reviewed in Bennett
2005, Sommer et al. 2007). Harmful effects are also
likely caused by contaminants entering the system

from wastewater treatment plant effluent and surface runoff (Kuivila & Foe 1995, Thompson et al.
2000, Werner et al. 2000, Kuivila & Moon 2004,
Brooks et al. 2012).
Among the numerous contaminants of concern in
surface waters throughout North America are pyrethroid insecticides. Permethrin, a type of pyrethroid
pesticide, was originally registered for use by the
United States Environmental Protection Agency (US
EPA) in 1979, and re-registered in 2006 (US EPA
2009). It is broadly used in mosquito abatement programs and for pest control on feed crops, livestock,
pets, and on urban wooden structures and buildings.
It is also used as a pharmaceutical for the treatment
of head lice and scabies on humans. Consequently,
there are multiple potential sources of permethrin
entering aquatic systems via surface runoff or wastewater discharge. The half-life of permethrin in the
water column ranges between 19 and 27 h, however
when adsorbed to sediments, permethrin can persist
for longer than 1 yr (Imgrund 2003). Permethrin can
be highly toxic to marine, estuarine and freshwater
aquatic species. Pyrethroid pesticides disrupt the
nervous system in vertebrates through prolonged
opening or closing of ion channels, which can result
in convulsions, paralysis and eventual mortality (Burr
& Ray 2004, Werner & Moran 2008). At lower relative
exposure concentrations, sub-lethal neurotoxic effects in fish include impaired swimming ability
(Beggel et al. 2010, Goulding et al. 2013) and a reduced ability to avoid predators (Floyd et al. 2008).
Detectable levels of permethrin have been reported
throughout the Sacramento−San Joaquin watershed
(Holmes et al. 2008), with reported concentrations of
up to 0.094 µg l−1 in tributaries of the Sacramento
River (Bacey et al. 2004), and in excess of 1 µg l−1 in
storm drains that discharge into the Sacramento−San
Joaquin Rivers Delta (Zhang 2010). As a pelagic fish
species, delta smelt would primarily be exposed to
permethrin in the water column, and because of the
relatively short half-life, the permethrin exposures
that delta smelt experience in the environment may be
acute. Detections of permethrin in California waterways generally occur during the rainy season (~November to April; Weston & Lydy 2010), which also coincides with the timing of delta smelt returning to
their freshwater habitat to spawn (~December to
May; Bennett 2005). Therefore, it is important to determine the risks posed to delta smelt in their early
developmental stages.
With advances in the development of molecular
tools and bioinformatics resources, alterations in
cellular processes resulting from exposure to contam-
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inants can be relatively rapidly determined. Highthroughput gene expression analyses, such as RNA
sequencing and microarray approaches, allow transcriptome-wide responses to be evaluated. These effect-based responses provide a greater understanding
of the impacts of exposure to contaminants, which can
potentially be used towards predicting adverse outcomes at higher levels of biological organization
(Ankley et al. 2010, Connon et al. 2012a). Prior studies
on the delta smelt have reported the development and
application of cDNA microarrays for the assessment
of contaminant exposures (Connon et al. 2009, 2011a,b,
Hasenbein et al. 2014); however, we recently sequenced the delta smelt transcriptome and developed
a new oligonucleotide microarray. Here, we present
the use of this tool towards determining the sublethal, transcriptome-wide effects of acute exposure
to permethrin on an early life-stage of the Critically
Endangered delta smelt.

MATERIALS AND METHODS
Permethrin exposures
Delta smelt (~43 d post hatch), were obtained from
the University of California, Davis Fish Conservation
and Culture Laboratory facility in Byron, CA. Fish
were given 24 h to recover from transport and handling stress in aerated, filtered (1 µm) culture facility
water. A total of ten ~44 d old fish were randomly
transferred into one of 32 glass vessels (four 3.5 l replicate vessels containing aerated, filtered culture facility
water for each exposure treatment, a control and a
solvent control). A stock solution of permethrin (CAS
No. 52645-53-1; Chem Service) was prepared in
methanol and spiked into treatment solutions (culture
facility water) to achieve nominal concentrations of
1.25, 2.5, 5.0, 10.0, 20.0 and 40.0 µg l−1. Treatment solutions were spiked at test initiation, and again at
each 24 h renewal when 80% of the water was exchanged. Fish were exposed for 96 h. Mortality was
recorded daily when dead organisms and debris were
removed from the test vessels. At the end of the exposure, all surviving fish (from the solvent control and
the 1.25, 2.5, 5.0 and 10.0 µg l−1 [nominal] treatments)
were sacrificed with a lethal dose of tricaine methanesulfonate (MS-222), frozen in liquid nitrogen and
stored at −80°C for subsequent assessments. Throughout the 24 h recovery and the 96 h exposures, fish
were fed 3 times daily with live Artemia spp. nauplii.
Comprehensive Environmental Toxicity Information System (CETIS) by Tidepool Scientific Software
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was used to calculate lethal effect concentrations (i.e.
LC50, the concentration that was lethal for 50% of the
individuals in the experiment), LOEC and NOEC.
Mortality patterns were also analyzed using a
Kruskal-Wallis (KW) test. Water quality parameters
were measured at test initiation, before and after
each water renewal and at test termination for mean
(± SD) electric conductivity (743.8 ± 4.7 µS cm−1), temperature (15.4 ± 0.1°C), dissolved oxygen concentration (9.35 ± 0.13 mg l−1), pH (8.03 ± 0.03) and total
ammonium concentration (0.017 ± 0.041 mg l−1).
Water hardness (164 mg l−1) and alkalinity (92 mg l−1)
were measured at test initiation.

Analytical chemistry
Sub-samples of permethrin treatments and controls
(1 l) were preserved with 15 ml of 99.9% dichloromethane (Fisher Scientific) at test initiation and
shipped on ice overnight to the California Department
of Fish and Wildlife Water Pollution Laboratory in
Rancho Cordova, CA. Extractions were performed
within 24 h of arrival and analyzed using gas chromatography with mass spectrometry and ion-trap detection. Permethrin recovery was approximately 50% of
nominal concentrations, which is within the normal
range of recovery for permethrin (see Wheelock et al.
2005). Nominal to corresponding measured isomer
concentrations were 2.5 = 1.37 (0.52 cis, 0.85 trans)
µg l−1; 5.0 = 2.56 (0.99 cis, 1.57 trans) µg l−1; 10.0 =
4.84 (1.89 cis, 2.95 trans) µg l−1; 20.0 = 12.88 (4.87 cis,
8.01 trans) µg l−1; and 40.0 = 24.94 (9.54 cis,
15.40 trans) µg l−1. The lowest nominal concentration
(1.25 µg l−1) was not measured and was thus
estimated to be 0.69 (0.27 cis, 0.43 trans) µg l−1 based
on the higher concentration measurements. The ratio
of trans to cis isomers was consistent among treatments, ranging from 1.56 to 1.63, which is important
because the trans isomer of permethrin has been
shown to be more toxic than the cis isomer in rainbow
trout (Glickman et al. 1981).

Microarray development
We developed an oligonucleotide microarray (Agilent Technologies) using transcriptome sequencing
data from delta smelt that were exposed to a number
of stressors (i.e. temperature, salinity, hypoxia, turbidity, pH, exercise, olfactory, ammonia, copper, permethrin, esfenvalerate) that was designed to capture
a diversity of mRNA transcripts related to the stress
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response. Total RNA was extracted from tissue samples (i.e. brain, heart, gill, kidney, liver, spleen, skin,
muscle) or frozen whole organisms using a combination of TRIzol Reagent (Life Technologies) and RNeasy
kits (Qiagen), including on-column DNAse digestion,
as per manufacturer’s guidelines. RNA sample integrity was verified using a 2100 Bioanalyzer (Agilent
Technologies) that indicated high quality RNA (RNA
integrity number, RIN values > 9). Samples were
pooled to represent an equal proportion of RNA in tissue (adults) and whole organisms (larval and juvenile
fish) to normalize and maximize the identification of
rare transcripts. Transcriptome sequencing was conducted at the Center for Genomics and Bioinformatics
(CGB) at Indiana University, Bloomington, IN. Two
sequencing libraries were constructed from 5.0 µg of
pooled total RNA normalizing transcript representation and optimizing transcriptome sequence read
lengths. Libraries were sequenced using a Roche 454
GS-FLX Titanium system. Clean reads were assembled into contigs using Newbler software (Roche) and
annotated by the bioinformatics core at CGB. Custom
4 × 44K oligonucleotide microarrays were designed
utilizing Agilent specific software (https://earray.
chem.agilent.com/earray). The array consisted of a total of 39 652 microarray features (i.e. spots on the
microarray), with a total of 18 409 duplicate delta
smelt features representing 12 595 unique delta smelt
genes, plus non-specific control duplicate probes.
There were a higher number of delta smelt features
than unique genes because some of the available sequence fragments represented different gene regions, therefore there were different microarray features that represent different segments of the same
gene on the microarray.

Tissue processing and microarray analysis
Gene expression assessments were conducted on
individual fish from the solvent control and the 0.69,
1.37, 2.56 and 4.84 µg l−1 treatments. Mortality was
> 90% at the 12.88 and 24.94 µg l−1 test concentrations,
and therefore these treatments were not included in
the gene expression analyses. Due to the small size
of the larval fish, individual whole fish were homogenized using a pestle in 1 ml of Trizol Reagent following manufacturer’s protocols, followed by RNA
Cleanup using RNeasy columns (Qiagen) with on-column DNAse digestion. Total RNA concentration and
purity (260/280, 260/230) were assessed using a Nanodrop spectrophotometer (Thermo Fisher Scientific),
and RNA integrity was determined visually by running

samples on an agarose gel. Samples were stored at
−80°C until used in the gene expression analyses.
In total, 200 ng of total RNA was amplified and
labeled with Cy3 using the Low Input Quick Amp
Labeling kit (Agilent Technologies). A total of 20 single color array hybridizations (n = 4 ind. treatment−1)
were performed with custom designed 4 × 44K oligonucleotide arrays using Gene Expression Hybridization Kits (Agilent Technologies). To minimize technical artefacts, labeling reactions were performed
simultaneously, and individuals from each treatment
were randomized between slides. Prior to hybridization, 1.65 µg of dye-labeled cRNA sample was combined with 2.2 µl of 25× fragmentation buffer, 11 µl of
10× Gene Expression Blocking Agent and nucleasefree water to bring the final volume to 55 µl. The
fragmentation mix was incubated at 60°C for 30 min,
cooled on ice for 1 min, and the reaction was stopped
by adding 55 µl of 2× Hi-RPM Hybridization Buffer.
Samples were centrifuged for 1 min, placed on ice,
100 µl of the mix was loaded onto gasket slides, and
the microarray slides were placed on top of the gasket slides. Each slide and gasket slide combination
was placed in a single hybridization chamber and
hybridized to the arrays for 17 h at 65°C followed
by a wash with Gene Expression Wash Buffer 1 at
room temperature and a wash with Gene Expression
Wash Buffer 2 heated to 37°C (Agilent Technologies).
Fluorescent images were scanned using an Axon
GenePix 4000B Scanner and the analysis software
GenePix Pro (Molecular Devices). The images were
quantified using Feature Extraction software v.11.
5.1.1 (Agilent Technologies). The microarray data
have been deposited in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) with the accession
number GSE67521.
Normalization of the microarray data and statistical
analysis were performed in GeneSpring v.12.6 (Agilent Technologies). Features that were less than 2.5
times the intensity of the background for that array
were filtered out prior to normalization. Data was
quantile normalized and log2 transformed prior to
statistical analysis. Differences in expression of features between treatment groups were assessed by
ANOVA at q < 0.05 (a false discovery rate corrected
p-value) followed by a Student Newman-Keuls (SNK)
post-hoc test. It is important to note that there are 2
different overlapping microarray features for the
same gene sequence that were treated as separate
genes in the statistical analyses. Therefore, multiple
copies of each gene fragment that were significant in
our analyses showing the same directional change in
expression were used to confirm the response pat-
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terns and distinguish true patterns from random
noise in the data. Functional analysis was performed
using Blast2GO (Conesa et al. 2005). Analysis was
performed considering all gene ontology (GO) categories; however, to reduce the large number of significantly enriched GO terms, only biological process
terms are presented here as they sufficiently represented the overall functional analysis results. Functional groups were considered significantly enriched
in gene lists using Fisher’s exact tests at a false discovery rate (FDR) < 0.05. Redundancies in the GO
term lists were reduced using ReVigo (Supek et al.
2011).
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GAPDH, and RPL7). Of the reference genes, only
RPL7 was newly designed for these qPCR assessments; ACTB and GAPDH had been designed from
previous studies (Connon et al. 2011a, Hasenbein et
al. 2014). Stability of the reference genes across experimental treatments was initially assessed using
the program GeNorm (Vandesompele et al. 2002).
Differences in expression levels were assessed using
a 1-factor ANOVA followed by a SNK post-hoc test
(p < 0.05). Where the data did not fit the assumptions
of an ANOVA, a KW test was used followed by a
Dunn’s post-hoc test (p < 0.05).

RESULTS
cDNA synthesis and quantitative PCR
Acute toxicity
One µg of total RNA was used to synthesize cDNA
in 96-well plates. For each sample, nuclease-free
water was added to bring the total volume up to
12 µl, followed by the addition of 2 µl of gDNA wipeout buffer and an incubation at 42°C for 2 min. For
each cDNA synthesis reaction, 4 µl 5× Quantiscript
RT Buffer, 1 µl RT Primer Mix, and 1 µl Quantiscript
RT (Qiagen) were added to each sample for a total
reaction volume of 20 µl. Reactions were carried out
at 42°C for 30 min, followed by 95°C for 3 min and a
hold at 4°C. The cDNA was stored at −20°C until
quantitative PCR (qPCR) analysis.
We designed qPCR assays for 22 genes of interest
(Table 1) to validate some of the microarray expression patterns and to verify the non-monotonic response patterns we observed in the microarray results due to exposure to permethrin (n = 10 to 13 fish
treatment−1, which included the same fish used in the
microarray analysis). A 1:5 dilution of cDNA was
used as a template in the qPCR reactions. Assays
were performed on an automated fluorometer (ABI
HT 7900 A FAST Sequence Detection System; Applied Biosystems) in 384-well plates using 12 µl reaction volumes composed of 6 µl of Maxima Probe/Rox
qPCR Master Mix (Thermo Fisher Scientific), 0.6 µl
primer-probe mix (forward primer, reverse primer,
the appropriate Roche fluorescent probe and nuclease-free water), 0.4 µl of nuclease-free water and 5 µl
of diluted cDNA. Cycling conditions were 2 min at
50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C and
60 s at 60°C, and amplifications were analyzed using
SDS v.2.4 software (Applied Biosystems). Relative
expression of target genes was determined using the
2−ΔΔCt method and are presented as relative fold
change (Livak & Schmittgen 2001). Target gene expression was normalized to 3 reference genes (ACTB,

The 96 h LC50 for measured permethrin concentrations was 4.07 µg l−1 (95% CI = 3.43−5.50 µg l−1), with
a LOEC of 2.56 µg l−1 (87.5% survival) and a NOEC
of 1.37 µg l−1. The LC10 was 2.38 µg l−1 (95% CI =
1.78−2.83 µg l−1). Survival was significantly reduced
at higher exposure concentrations, with 35.0, 3.0 and
0% survival at 4.84, 12.88 and 24.94 µg l−1, respectively (p < 0.001; Fig. 1). The LC50 for delta smelt was
compared with those of different marine and freshwater model test species and other species of conservation concern (Table 2). The LC50 of the freshwater
model test species (fathead minnow and the bluegill
sunfish, Lepomis macrochirus), were 2.3 to 3.8 and
1.9 times higher, respectively, whereas the common
marine test species (sheepshead minnow) had an
LC50 that was 4.2 times higher than delta smelt. Estuarine model test species (inland silverside Menidia
beryllina and Japanese medaka Oryzias latipes; a
48 h exposure) had LC50 levels that were 6.8 and 2.7
times higher, respectively, than delta smelt. LC50 estimates for rainbow trout varied due to the life-stage
tested and the exposure temperature; however, the
LC50 estimate on the youngest life-stage was 0.81
times that of delta smelt. Juvenile rainbow trout at
comparable exposure temperatures as in the present
study had LC50 estimates that were 1.58 to 1.72 times
higher than delta smelt. Similar to the larval rainbow
trout, larval zebrafish Danio rerio had an LC50 that
was 0.61 times that of delta smelt; however, the rainbow trout and zebrafish tests were both conducted in
fresh water as opposed to the low salinity conditions
in the present study. When comparing the LC50 estimates for other species of conservation concern that
are available in the literature, the LC50 of delta smelt
was greater than 5 species (ranging from 1.22 to 2.58
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Table 1. Genes grouped by function, with primer sequences and efficiencies, selected for quantitative real-time polymerase chain
reaction (qPCR) assessments (F: forward; R: reverse)
Process

Symbol

Apoptosis

BI-1

Apoptosis

Gene name

Roche Efficiency
probe #
(%)

Primer sequence

Probable Bax inhibitor-1

50

98.2

F: GGC TCT CTG CAT GTT TGT TGC
R: CAC CCT GGA AGA GTC TGG TGA

CASP3

Caspase-3 precursor

1

95.1

F: CAA CAA GGA TCC CGG TTG AA
R: GAA CCA CGA GCC TGT CTG AGT

Apoptosis

CASP9

Caspase-9

25

102.6

F: GGT GTG CCC AGA TGA TGA TGT
R: GAA TGG CAT CTG TCT GGT CGT

Immune
response

BNIP3L

BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3

118

94.6

F: GCA GAA GCA GCT CCA AAG GA
R: TCT ACA CAG ATG AAG CGG AGT CTG

Immune
response

CFI

Complement factor I

95

105.5

F: AGG AGG ACT CCA GGA CCA GAC
R: GCC ACT GGA TTT GGC TTG G

Immune
response

LLEC2

Lily-type lectin-2

106

101.1

F: CAA CAC CCA CAC ATC CAA CG
R: CAC TTC CTC GCC GTC CTT C

Metabolism APOA-I-2 Apolipoprotein A-I-2 precursor 17

95.4

F: CAG CAG ACA GAT CAC GAC CAA G
R: GCC GTC AAC TCA GCT TGC TT

Metabolism

FABP1

Metabolism

IDH1

Protein
metabolism

Liver-type fatty acid-binding
protein

21

94.0

F: TGT ACG TTC AGG AGA ACT ACG AGG
R: AAG GCC AGC TTG ATG ACA TCT T

Isocitrate dehydrogenase

9

92.9

F: TCT GGA GCA TGA GAG TGT TAC TGG
R: TGG CAA TGC GAC GAG ACT T

CTRB2

Chymotrypsin-like precursor

67

96.1

F: GGT CAG AAC AGG ATC TCG GAT G
R: CGC CAG AAT CAC CCT GAC A

Protein
metabolism

CTSD

Cathepsin D

3

97.8

F: GAA CCC TGA TAC TGA GCC TGG T
R: GGC GGC TGA TGT TGA GGT AG

Protein
metabolism

HINT1

Histidine triad nucleotidebinding protein 1

142

94.4

F: TGT GAT GCA GTC TTA CTG GGT CAC
R: TCG TTG ACC ACC AGC CTG TAG

Protein
PSMA1
metabolism

Proteasome subunit
alpha type 1

30

95.3

F: GAT ATG GGC CCT CAT ATC TAT CAG AC
R: GAT GGA CAT GGC TTT GCA GTC

Protein
PSMC3
metabolism

26S protease regulatory
subunit 6A

163

94.1

F: AAG TCA ACA AGA CCC TGC CCT A
R: CAT TAG GGT CCA CAT CCA GCA

Protein
ZFAND2B AN1-type zinc finger
metabolism
protein 2B

78

93.0

F: GTT CCA GCT CCT GCC ACA AT
R: CCA GCC TGA AAG GAT GCT GA

Protein
synthesis

BYSL

Bystin

13

107.7

F: GGC GTT GGC TGA TCA GAT TC
R: CTT CCC TCG TGT CTC TGC TCT T

Protein
synthesis

CEBPD

CCAAT/enhancer binding
protein delta

17

96.8

F: GCA CCA TGG CCG AGC TAA
R: GAA GTC AAT GGC ACT CTC ATC G

96

103.7

F: CAA GAA GCT GAC CAG GAG TGC
R: AGT GGC CAT AGC GTC TCT CAG

130

94.6

F: GCA GAG GCC TAC CTG GGA A
R: CGC TGG GAG TCG TTG AAG TAG

Protein
synthesis

TP53INP2 Tumor protein p53-inducible
nuclear protein 2

Stress
response

HSC71

Heat shock cognate
70 kDa protein

Stress
response

HSP30

Heat-shock protein 30

4

95.2

F: CCC AGA GGA CCT GTG TGT CAA
R: CTT CTC CGT CTT CCC ACT GAC T

Structural

COL1A2

Alpha 2 type I collagen

40

94.9

F: CCA CCC AGC TGG CTT TCA T
R: CTT GCA GTG GTA GGT GAC GTT C

COL1A1B Collagen type I alpha 3

7

98.3

F: GTC CCC ATG AAG AAC TGG TAC AC
R: CAT AGA CTC GCT GAA CCA CAC G

Actin, cytoplasmic 1

12

96.6a

F: TGC CAC AGG ACT CCA TAC C
R: CAT CGG CAA CGA GAG GTT

Glyceraldehyde-3-phosphate
dehydrogenase

159

96.9b

F: TCC ACG AGA AAG ACC CAA CT
R: CAC GCC AGT AGA CTC AAC CA

60S ribosomal protein L7

33

95.0

F: CCG TAC AGC CCG CAA AGT T
R: TGA AGT CAA TGG CCA GTT TGG

Structural
Reference

ACTB

Reference

GAPDH

Reference

RPL7

a

Efficiency from Hasenbein et al. (2013); bEfficiency from Hasenbein et al. (2014)
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Fig. 1. Average (with SE bars) survival of larval delta smelt
Hypomesus transpacificus exposed to permethrin for 96 h
(4 replicate containers for each treatment; n = 10 fish container−1). Asterisks indicate statistically significant differences in survival from the control group (p < 0.05;
Kruskal-Wallis test)

times greater), less than 3 species (ranging from 1.46
to 6 times greater than the delta smelt), and effectively the same as the Cape Fear shiner Notropis
mekistocholas (LC50 = 4.16 µg l−1).

Microarray assessments
There were 3342 differentially expressed microarray features at q < 0.05. Because of the large number of significant features, we focused on those that
were significantly different from the control group
after the post-hoc SNK test, which reduced the number of significant features to 2278 (Fig. 2). There were
69 microarray features (55 separate genes) that differed between the lowest exposure concentration
(i.e. 0.69 µg l−1) and the control group (23 features
unique to that comparison; Fig. 3, see Table S1 in the
Supplement at www.int-res.com/articles/suppl/n028
p043_supp.pdf for gene descriptions and names).
This is in sharp contrast to the 1993 features that
were significantly different between the fish exposed
to 4.84 µg l−1 permethrin and the control group. A
complete summary of the number of microarray features that were significantly different in all pairwise
comparisons between each treatment group is available in Table S2 in the Supplement. Interestingly, for
the 1.37, 2.56 and 4.84 µg l−1 exposure groups, there
were more microarray features that were significantly different from the 0.69 group than were significant different from the control group.
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Many of the 69 significant features in the 0.69 µg l−1
treatment group had opposite expression patterns
(i.e. directional change) from those found at the
higher exposure concentrations (Table S1). For example, genes involved in proteosomal breakdown
(PSMA1; CAND1; PSMD6; OCIAD1; NDFIP2), protein synthesis (ELOF1; MTERFD3; RNF10), tyrosine
catabolism (HPD), and a gene with an unknown
function were downregulated at 0.69 µg l−1; however,
they were significantly upregulated in the 4.84 µg l−1
group relative to the controls. Conversely, the genes
IGSF10 (involved in osteogenesis) and BDH2 (iron
homeostasis and potentially associated with a stress
response) were significantly upregulated in the 0.69
µg l−1 group, but were significantly downregulated in
the 4.84 µg l−1 group relative to controls.
Functional analyses were performed on the significant gene lists between the control group and each
exposure concentration to identify the main trends in
the data (Table 3). There were genes involved in several biological processes associated with proteosomal
protein breakdown and immune responses that were
significantly differentially expressed in the 0.69 and
4.84 µg l−1 exposure groups. Interestingly, many of
these genes demonstrated opposite response patterns between the 0.69 and 4.84 µg l−1 groups. Other
GO categories, which were enriched in the significant gene lists, were associated with cell signaling
pathways, metabolic processes, cell proliferation and
an unfolded protein response.
Fourteen microarray features (12 different genes)
were statistically significant and had the same
directional change in expression at each exposure
concentration relative to the control. Multiple copies
of ATG101 (involved in autophagy and protein
binding) and 1 copy of SPAST (involved in cytoskeleton and cell division processes) were significantly upregulated at every exposure concentration.
Conversely, genes involved in protein synthesis
(MYCT1; TRA2A; MRPS16), binding (PCDH2AB6,
cell adhesion and calcium binding; BAP18, DNA
binding; METTL21A, protein binding and general
stress), metabolism (NDUFS8), cell signaling (SEZ6),
and in an immune response (DB-1) were all significantly downregulated in all the exposure treatments
relative to the control. In addition to these 12 common genes, the gene ZNF106A, involved in metal
ion binding, was downregulated at all exposure
concentrations except at 2.56 µg l−1. Lastly, SLC
22A2, which is involved in ion transport and uptake
of organic compounds from blood circulation, was
upregulated at every exposure concentration except
at 2.56 µg l−1.
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Zhang et al. (2010)

Dwyer et al. (2005)

Dwyer et al. (2005)

Dwyer et al. (2005)

Holcombe et al. (1982)

Kumaraguru & Beamish (1981)

Kumaraguru & Beamish (1981)

Dwyer et al. (2005)

Dwyer et al. (2005)

Dwyer et al. (2005)

Holcombe et al. (1982)

Sappington et al. (2001)

Dwyer et al. (2005)
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Mayer & Ellersieck (1986)

Mayer & Ellersieck (1986)

Dwyer et al. (2005)

Life-stage Exposure Exposure LC50 Concentrations Reference
temp.
length (µg l−1)
(°C)
(h)

Table 2. Comparisons of the permethrin LC50 (concentration that was lethal for 50% of the individuals in an exposure treatment) estimates on freshwater and marine
model test species and species of conservation concern in the early life-stages. FW: fresh water; HS: high saline ponds; SW: salt water; YOY: young of year; IUCN: International Union for Conservation of Nature (IUCN listing as per www.iucnredlist.org/); na: not available
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Hemmer et al. (1992)

Sappington et al. (2001)

Rice et al. (1997)

Hemmer et al. (1992)

This study

Schimmel & Garnas (1983)

Dwyer et al. (2005)
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Table 2 (continued)
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Fig. 2. Venn diagram of the number of microarray features
that were differentially expressed at each exposure concentration relative to the control group in larval delta smelt Hypomesus transpacificus after 96 h of exposure to permethrin

qPCR assessments
Several qPCR assays were designed to examine the
effects of permethrin exposure on specific genes associated with the functional categories that were enriched in the microarray data set, or that are particularly relevant to developing fish (Fig. 4, see Table 1 for
gene names). All responses were significant at p <
0.001 unless indicated otherwise. In all cases, the
qualitative patterns matched the responses observed
in the microarray data; however, most of the statistically significant responses in the qPCR assays were
only detected in the 2.56 and 4.84 µg l−1 treatment
groups. For example, the following were all significantly differentially expressed between the 2.56 and
4.84 µg l–1 groups and the control and the 0.69 µg l−1
group: genes involved in general metabolism (APOAI-2, cholesterol transport; FABP1, fatty acid binding
and transport; IDH1, citric acid cycle), protein breakdown (CTSD, lysosomal protein breakdown; PSMA1
and PSMC3, proteasomal protein breakdown;
ZFAND2B, associated with proteosomal degradation),
protein synthesis (BYSL, cell proliferation and transcription regulation; CEBPD, an inducible transcription factor that regulates many genes involved in an
immune response and may be associated with apoptosis processes in stressed fish, Sleadd & Buckley
2013; TP53INP2, a transcription factor and regulator
of autophagy), structural collagens in the extracellular
matrix (COL1A2; COL1A1B, p < 0.01) and in a general
stress response (HSC71, however is responsive to exposure to contaminants such as heavy oil and
organochlorines; Deane & Woo 2006, Nakayama et al.
2008) (Fig. 4). These patterns were consistent with
those observed in the microarray analysis.

4.84 µg l –1

2.56 µg l –1

1.37 µg l –1

0.69 µg l –1

Control

Control_2A1
Control_2B1
Control_2C1
Control_2D4
0.69 µg l–1_9A2
0.69 µg l–1_9B1
0.69 µg l–1_9B3
0.69 µg l–1_9D1
1.37 µg l–1_10A2
1.37 µg l–1_10B3
1.37 µg l–1_10C4
1.37 µg l–1_10D2
2.56 µg l–1_11A3
2.56 µg l–1_11B2
2.56 µg l–1_11C4
2.56 µg l–1_11D1
4.84 µg l–1_12A1
4.84 µg l–1_12A2
4.84 µg l–1_12B4
4.84 µg l–1_12C3
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PSMA1
PSMA1
PRPF6
EPD1
PSMA1
PSMB3
CDK9
EPD1
EIF1
PSMA1
PSMA1
RRS1
NP_001135129
NMT1
ZNF106A
NOP10
DB–1
PCDH2AB6
MYCT1
SEZ6
TRA2A
NDUFS8
BAP18
MRPS16
METTL21A
ZNF106A
ZNF106A
Unknown
XP_002595816
CAG10849
CAND1
ELOF1
HPD
OCIAD1
PSMA1
MTERFD3
PSMD6
NDFIP2
RNF10
XP_002740781
PEBP1
ADD3
PHPT1
XP_001333508
Unknown
CEP192
AEM37675
AEM37675
SPAST
ATG101
ATG101
ATG101
XP_003459034
ORF2P
BDH2
CHL1
SLC22A2
XP_003442188
HOXC9
SLC27A2
XP_003459693
CHL1
DDRGK1
PDXP
CUTC
NSMAF
MRPS25
IGSF10
XP_001920233

–1.5

1.5

Fig. 3. Heat map showing the gene response patterns of larval delta smelt Hypomesus
transpacificus exposed to different concentrations of permethrin that were significant
at q < 0.05 (ANOVA) in the microarray analysis. The 69 genes that were significantly
different between the lowest exposure concentration (0.69 µg l−1) and the control
group are enlarged and labeled (see Table S1 in the Supplement at www.int-res.com/
articles/suppl/n028p043_supp.pdf for gene descriptions and full names of the 69
genes). Data presented are log2 normalized expression values (scaled from –1.5 to
1.5); blue represents a downregulation and yellow represents an upregulation

GO:0007250
GO:0009308
GO:0031145
GO:0042590
GO:0002479
GO:0009056
GO:0006879
GO:0042180
GO:0043094
GO:0008340
GO:0030330
GO:0016236
GO:0009057
GO:0008152
GO:0006121
GO:0016071
GO:0044243
GO:0002862
GO:0051436
GO:0002119
GO:0038061
GO:0071704
GO:0043248
GO:0080129
GO:0019538
GO:0070647
GO:0006508
GO:0071156
GO:0033238
GO:0006521
GO:0051340
GO:0010035
GO:0051788
GO:0010269
GO:0042254
GO:0072331
GO:0042770
GO:0033013
GO:0007033
GO:0016032

GO ID

Activation of NF-kappaB-inducing kinase activity
Amine metabolic process
Anaphase-promoting complex-dependent proteasomal ubiquitin-dependent protein catabolic process
Antigen processing and presentation of exogenous peptide antigen via MHC class I
Antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-dependent
Catabolic process
Cellular iron ion homeostasis
Cellular ketone metabolic process
Cellular metabolic compound salvage
Determination of adult lifespan
DNA damage response, signal transduction by p53 class mediator
Macroautophagy
Macromolecule catabolic process
Metabolic process
Mitochondrial electron transport, succinate to ubiquinone
mRNA metabolic process
Multicellular organismal catabolic process
Negative regulation of inflammatory response to antigenic stimulus
Negative regulation of ubiquitin-protein ligase activity involved in mitotic cell cycle
Nematode larval development
NIK/NF-kappaB cascade
Organic substance metabolic process
Proteasome assembly
Proteasome core complex assembly
Protein metabolic process
Protein modification by small protein conjugation or removal
Proteolysis
Regulation of cell cycle arrest
Regulation of cellular amine metabolic process
Regulation of cellular amino acid metabolic process
Regulation of ligase activity
Response to inorganic substance
Response to misfolded protein
Response to selenium ion
Ribosome biogenesis
Signal transduction by p53 class mediator
Signal transduction in response to DNA damage
Tetrapyrrole metabolic process
Vacuole organization
Viral process

Term

2.72E−2

3.15E−2

8.84E−3
8.84E−3

8.84E−3
8.84E−3

3.06E−2

4.52E−2

1.42E
1.20E−2
1.58E−2

−2

0.69 µg l−1
vs. control

3.62E−2

3.62E−2

1.37 µg l−1
vs. control

5.50E−3

2.36E−2

9.69E−3

1.86E−2

9.36E−3

2.85E−3

2.56 µg l−1
vs. control

1.54E−2
9.41E−13
3.69E−14
3.76E−6
9.13E−3
1.58E−8

6.76E−26
3.98E−22
9.70E−9
4.59E−11

6.26E−30
7.79E−7
2.24E−2
1.52E−5
1.04E−14
1.68E−7
2.26E−8
5.01E−15
1.05E−26

8.69E−26
4.14E−13
6.59E−6
2.04E−11
8.51E−6
7.79E−5
3.95E−14
2.16E−3
1.75E−11
1.52E−6
3.47E−2
6.34E−6
8.01E−6

7.58E−14
3.76E−27

4.84 µg l−1
vs. control

Table 3. Gene ontology (GO) terms associated with the biological process category that were significantly enriched at a false discovery rate (FDR) corrected p < 5E−2 in the
significant gene list between each treatment and control group (ANOVA; q < 0.05) of larval delta smelt Hypomesus transpacificus. Because there were many more GO
terms that were significantly enriched and unique to the 4.84 µg l−1 vs. control group comparison than in the other comparisons, only those unique to that comparison that
were significant at p < 1E−5 are presented here
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Fig. 4. Changes in gene expression in larval
delta smelt Hypomesus transpacificus after 96 h
of exposure to permethrin as determined by
quantitative PCR. There is a reference line at 1.0
because a negative mean relative fold change is
impossible using the 2−ΔΔCt method for qPCR
analysis; therefore, values >1 indicate an upregulation and values <1 indicate a downregulation
of a gene. Statistical differences at p < 0.05 from
the control and the 0.69 µg l−1 group are indicated by ** and statistical differences from only
the 0.69 µg l−1 group are indicated by *

Jeffries et al.: Effects of permethrin on delta smelt

Interestingly, many of the genes assayed in the 2.56
and 4.84 µg l−1 groups were significantly different
from the lowest exposure concentration (i.e. 0.69 µg
l−1), but not significantly different from the control
group, which was in contrast to the patterns observed
in the microarray. These patterns may potentially suggest a non-monotonic response in these genes (Fig. 4).
This response pattern was observed in genes associated with apoptosis (CASP3, an executioner caspase
involved in the final stages of apoptosis, p < 0.01;
CASP9, which activates the executioner caspases, p <
0.01), immune response (BNIP3L, which interacts
with viral responsive genes and can induce apoptosis),
and protein breakdown (CTRB2, protein catabolism;
HINT1, regulates proteasomal degradation in addition
to regulating transcription and TP53-mediated apoptosis). Only HSP30, an inducible molecular chaperone
that may be upregulated in response to an abundance
of ubiquitinated proteins (Young & Heikkila 2010),
did not follow a dose-response pattern and was only
significantly upregulated in the 4.84 µg l−1 group (p <
0.05) compared with the 0.69 µg l−1 group, which suggests a severe stress response in those fish.

DISCUSSION
We used larval delta smelt to assess the acute lethal
and sub-lethal responses to a range of permethrin
exposure concentrations in a Critically Endangered
fish species. The LC50 for delta smelt was 4.07 µg l−1,
which was comparable to other species of conservation concern for which a 96 h LC50 estimate for permethrin was available, and was generally lower than
those of model test species. It is important to note that
direct comparisons between different species’ relative sensitivity to permethrin is confounded by the
fact that many experimental factors, such as the temperature or salinity of the exposures, how the exposures were administered (i.e. a pulse exposure or
flow-through exposure), how the estimates of permethrin concentrations were determined (i.e. measured
or nominal) and the life-stage of the fish tested, can
all influence the LC50 results. This highlights the
need to explicitly report these details in the methods
to improve the ability to qualitatively compare responses across studies. To truly test relative sensitivity to contaminants, endangered species and the relevant model test species should be tested at the same
facility, similar to previous work conducted by Dwyer
et al. (2005); however, exposures should also be conducted under similar experimental conditions and at
comparable life-stages.
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Effects of permethrin on the delta smelt
transcriptome
We sequenced the transcriptome of the Critically
Endangered delta smelt and developed an oligonucleotide microarray that was used for an effect-based
analysis of exposure to permethrin. At permethrin
concentrations that resulted in 12.5 and 65.0% mortality (2.56 and 4.84 µg l−1, respectively), cellular responses were associated with proteosomal degradation and apoptosis that collectively suggest a severe
stress condition for those fish. At the lowest tested
concentration of 0.69 µg l−1, there was increased expression of genes associated with metabolic and developmental processes. There were 12 genes in the
microarray analysis that showed the same directional
change and relative fold change in expression at all
concentrations, suggesting that these genes could be
developed as biomarkers of a general response to exposure to permethrin (see Table S1 in the Supplement). There were multiple copies of ATG101, which
is involved in stabilizing the expression of ATG13 (autophagy-related protein 13) and protecting ATG13
from proteosomal breakdown to contribute to autophagy in the cell (Mercer et al. 2009), that were upregulated at every exposure concentration. This potentially identifies the role of autophagy in responding
to exposure to permethrin in delta smelt and suggests
that ATG101 may be a useful biomarker of this response. In addition to these 12 genes, SLC22A2 (also
known as organic cation transporter 2; OCT2), a polyspecific cation transporter found in the kidney and
liver that is involved in uptake and excretion of various
drugs and toxins (Koepsell et al. 2007), was upregulated due to exposure to permethrin. This likely indicates that SLC22A2 is involved in a key biological process for physiologically responding to permethrin in
delta smelt. We also detected significant responses in
lily-type lectin-2 (upregulated relative to the higher
concentrations) and cathepsin D, caspase 9 and caspase 3 (downregulated relative to the higher concentrations) in the qPCR analysis in the present study.
Previous work on the effects of the pyrethroid insecticide esfenvalerate on larval delta smelt found an
upregulation of fish-egg lectin and downregulation of
cathepsin S-like, procathepsin B, caspase 3 and caspase 1 at an exposure concentration of 0.0625 µg l−1
(the lowest exposure concentration in that study; Connon et al. 2009). Additionally, Connon et al. (2009) reported that genes involved in iron homeostasis, immune response, and growth and development were
differentially expressed in delta smelt exposed to esfenvalerate, similar to the functional analysis results
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in the present study. Collectively, the consistent gene
expression patterns observed in the 2 studies suggest
that these responses may be general indicators of exposure to pyrethroid insecticides.
Consistent with the neurotoxic properties of permethrin in fishes, we observed changes in the expression of genes associated with neurological function. We found an upregulation of EDP1, which is
often found in the extracellular fluid in the brain of
fish and may be associated with learning and neuronal regeneration (Shashoua 1991), similar to the
effects of esfenvalerate on ependymin in larval delta
smelt (Connon et al. 2009). There was also an upregulation of CHL1, a cell adhesion protein in the extracellular matrix that has a role in nervous system development (Kamiguchi & Lemmon 1997), with exposure to permethrin. Lastly, we detected a downregulation of SEZ6, a gene associated with brain
development and cognitive function that may have
cell signaling properties (Herbst & Nicklin 1997,
Osaki et al. 2011). We used whole-body homogenates to conduct the transcriptome-wide assessments; therefore, there may be additional neurological genes affected by permethrin that would be
measured specifically in the brain that we were
unable to detect. Collectively, these results suggest
that exposure to permethrin may affect brain function in developing delta smelt.
We detected differential expression of genes involved in growth and development in the present
study. There was a downregulation of genes associated with the structure of the extracellular matrix and
bone growth (e.g. COL1A2 and COL1A1B) at 4.84 µg
l−1 in both the microarray and qPCR assessments that
may indicate an increased likelihood of developmental issues in delta smelt exposed to concentrations of
permethrin >1.37 µg l−1. Permethrin has been shown
to cause developmental deformities (e.g. crooked
bodies) in embryonic and larval zebrafish at concentrations ≥300 µg l−1 (Yang et al. 2014). We also detected an upregulation of several genes involved in
maintaining the cytoskeleton in the microarray results at a much lower exposure concentration (i.e.
0.69 µg l−1) than in Yang et al. (2014). Additionally,
we detected an upregulation of IGSF10 (which is
involved in bone formation) at 0.69 µg l−1, yet IGSF10
was significantly downregulated at 4.84 µg l−1. Collectively, these responses may indicate that exposure
to permethrin during critical stages of development
may lead to longer-term impacts on growth and
development for this species.
There was increased expression of genes associated with immune responses at the lowest exposure

concentration, yet decreased expression of those
genes at the higher concentrations. Immune function
has been suggested to be an important indicator of
non-lethal adverse impacts on organisms in ecotoxicological research (reviewed in Dunier & Siwicki
1993, Bols et al. 2001), and changes in the expression
of genes involved in immune function have been
demonstrated in delta smelt exposed to different contaminant stressors (Connon et al. 2009, 2011b, Hasenbein et al. 2014). Permethrin exposure elicited significant immune system and inflammatory responses in
the present study, which have previously been reported in fish in association with pyrethroid insecticide exposures (Eder et al. 2004, Connon et al. 2009,
Jin et al. 2010, Guardiola et al. 2014). Exposure to
sub-lethal concentrations of pyrethroids has also
been demonstrated to directly affect susceptibility to
pathogens in fish (Clifford et al. 2005, Eder et al.
2007), which may be linked to the permethrininduced changes in the expression of genes associated
with an immune response. Decreased expression of
immune genes may also be linked with processes
associated with mortality, as we detected decreased
expression of immune genes at exposure concentrations that resulted in significant mortality, which is
consistent with patterns shown in dying Pacific
salmon (Jeffries et al. 2012). The fish exposed to 4.84
µg l−1 of permethrin were potentially nearing death
(only 35% of the fish survived the 96 h exposure) and
this may have contributed to the decreased expression of immune function genes. It is important to note
that genes involved in immune function may also be
affected by osmoregulatory stress (e.g. Norman et al.
2014). Because the primary mode of action of permethrin on fish is to impair ion channel functioning
(Burr & Ray 2004, Werner & Moran 2008), it is possible that the fish were also experiencing osmoregulatory stress that could have influenced the expression
of genes involved in immune function.
The gene that showed the largest magnitude of
response in the qPCR analysis was HSP30; however
this only occurred at the 4.84 µg l−1 exposure concentration. Because HSP30 can be upregulated in response to ubiquitinated proteins (Young & Heikkila
2010), it suggests that the severity of the stress response crossed a critical threshold that activated a
HSP30 response at the highest exposure concentration. Previous proteomics work showed that genes
involved in ubiquination and proteosomal degradation were upregulated in fathead minnow brains exposed to 7.5 µg l−1 nominal concentrations of permethrin for 72 h (Biales et al. 2011). We detected an
increase in the expression of genes involved in ubi-
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quination and proteosomal degradation with exposure concentrations ranging from 1.37 to 4.84 µg l−1,
which suggests an overall increase in ubiquinated
proteins in these fish.

Non-monotonic responses to permethrin
Delta smelt gene expression as determined by the
microarray analysis responded in a non-monotonic
pattern. In several instances, the directional response
in the gene expression at 0.69 µg l−1 was the opposite
of those seen at higher exposure concentrations. For
example, 10 genes that were significantly downregulated in the 0.69 µg l−1 group were upregulated
at 4.84 µg l−1 relative to the control group (see
Table S1). Conversely, 3 genes were significantly upregulated in the 0.69 µg l−1 group but were downregulated at 4.84 µg l−1 relative to the control group. This
non-monotonic response pattern is supported by the
fact that there were more microarray features differentially expressed between all exposure concentrations (i.e. 1.37, 2.56 and 4.84 µg l−1) and the 0.69 µg l−1
group than with the control group — a pattern that
was verified for some genes in the qPCR assays. Nonmonotonic responses have been previously reported
in delta smelt following exposure to esfenvalerate
(Connon et al. 2009), another pyrethroid insecticide,
where functional genomics analyses indicated
altered expression of genes involved in growth and
development, apoptosis, and neuromuscular function
corresponded with behavioral responses.
Sub-lethal exposure concentrations do not always
follow classical dose-response curves, a phenomenon
that is important to the field of ecotoxicology (Vandenberg et al. 2012). Non-monotonic, or bi-modal, response patterns are common (Conolly & Lutz 2004)
and must be taken into consideration when assessing
the sensitivity of a species as they represent the biochemical processes that respond to a specific stimulus. The response peaks in non-monotonic responses,
U-shaped or inverted U-shaped, are often near or
below the NOECs as seen in the present study, which
may demonstrate a mismatch between acute lethal
assessments (i.e. LC50) and more sensitive sub-lethal
responses that are potentially predictive of long-term
impacts. These response types are commonly reported in ecotoxicology studies that examine endocrinological endpoints (e.g. Ankley et al. 2009, Brander
2013, Viñas & Watson 2013) and may indicate deleterious effect thresholds that impact longer-term developmental and reproductive outcomes. Such thresholds are also observed in numerous biochemical
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pathways following exposure to a variety of contaminant classes in fishes (e.g. Dorts et al. 2011a,b, Wang
et al. 2013). Non-monotonic responses likely arise as
a result of a variety of cellular mechanisms depending on the biological pathway impacted (Conolly &
Lutz 2004), for example, through different feedback
mechanisms (Ankley et al. 2009) or through interactions with cellular receptors (Vandenberg et al.
2012).

Future research and applications
One of the aims of this study was to enhance the
transcriptomic data available for studying the endangered delta smelt, facilitating the development of
tools to examine the physiological processes that may
be affected by environmental and anthropogenic
stressors. The long-term goal of this effort is the application of these tools in the assessment of multiple
stressors (such as contaminant exposure and disease)
as well as the interaction of contaminants with abiotic
stressors (such as temperature and salinity) that impact habitat suitability for this species. Effect-based
approaches, such as transcriptomic analyses, that
evaluate impacts on biological processes provide
complementary tools to toxicity identification evaluation, and when combined with chemical analyses can
be used to identify contaminant classes present in the
environment. Effect-based tools, such as gene expression profiling, have successfully been used to determine pollutant sources (e.g. Hasenbein et al. 2014)
and to assess the health status of wild fish (e.g. Connon et al. 2012b, Jeffries et al. 2014).
Permethrin is one of many contaminants that have
the potential to impinge on the recovery of delta
smelt in the Sacramento−San Joaquin Rivers Delta.
Additionally, the interactions of contaminants in
mixtures and with environmental parameters are
complex. In order to directly and comprehensively
evaluate the impact of multiple stressors on this
sensitive species, it would be necessary to conduct a
multitude of exposures to environmental water samples, either ex situ or in situ, utilizing a suite of molecular, physiological and reproductive endpoints. To
successfully conduct an experiment of this nature, it
is necessary to assess the impacts of relevant abiotic
factors a priori to differentiate between stressor types
or contaminant classes. Within the context of determining the effects of contaminants on species of conservation concern in the wild, it is not necessarily
the identification of the contaminant stressor(s) that
is important but rather the overall effect that water
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quality has on the species. However, identification
of contaminant sources and classes of contaminants
found in a system is important from a regulatory
viewpoint. Thus, effect-based assessments conducted over a broad range of sites within the delta smelt’s
habitat could potentially determine contaminant
inputs to the system that may be detrimental to the
recovery of the species. The present study builds on
the suite of molecular tools that are now available to
study this Critically Endangered species, and to aid
in conserving and managing this important key indicator species of ecosystem health in the Sacramento−San Joaquin Rivers Delta and San Francisco
Estuary.

Acknowledgements. We thank the University of California,
Davis Fish Culture and Conservation Laboratory for providing the larval delta smelt, all staff and students at the University of California, Davis Aquatic Toxicology Laboratory for
conducting the exposures, and the staff at the University of
California, Davis Real-time PCR Research and Diagnostics
Core Facility. Funding for this research was provided by the
California State Water Resources Control Board and the
Interagency Ecological Program (Contract No. 4600008070 to
I.W.), the United States Department of Interior, Bureau of
Reclamation (contract number R12AP20018 to R.E.C. and
N.A.F.), the State and Federal Contractors Water Agency
(grant number 201301957 to R.E.C.), the California Delta
Stewardship Council (contract number 201015533 to R.E.C.
and N.A.F.), and the University of California Agricultural
Experiment Station (grant number 2098-H to N.A.F.). Partial
student funding was provided to M.H. by the Bavarian Elite
Programme Universität Bayern e.V.-Scholarship for graduate
students and post-graduate students, and to L.M.K. by the
National Science Foundation Graduate-12 Fellowship Program (under DGE grant number 0841297 to S. L. Williams
and B. Ludaescher) and the California Sea Grant Delta Science Doctoral Fellowship (R/SF-56). K.M.J. was supported
by a Delta Science Postdoctoral Fellowship (R/SF-60).

➤ Bennett W (2005) Critical assessment of delta smelt in the
➤

➤

➤

➤

➤

➤

➤

➤
LITERATURE CITED

➤ Ankley GT, Bencic DC, Breen MS, Collette TW and others ➤

➤

➤

(2009) Endocrine disrupting chemicals in fish: developing exposure indicators and predictive models of effects
based on mechanism of action. Aquat Toxicol 92:168−178
Ankley GT, Bennett RS, Erickson RJ, Hoff DJ and others
(2010) Adverse outcome pathways: a conceptual framework to support ecotoxicology research and risk assessment. Environ Toxicol Chem 29:730−741
Bacey J, Starner K, Spurlock F (2004) The occurrence and
concentration of esfenvalerate and permethrin in water
and sediment in the Sacramento and San Joaquin watersheds. California Department of Pesticide Regulation,
Environmental Monitoring Branch, Sacramento, CA
Beggel S, Werner I, Connon RE, Geist JP (2010) Sublethal
toxicity of commercial insecticide formulations and their
active ingredients to larval fathead minnow (Pimephales
promelas). Sci Total Environ 408:3169−3175

➤

➤
➤
➤

San Francisco Estuary, California. San Fran Estuary
Watershed Sci 3:1−72
Biales AD, Bencic DC, Flick RL, Blocksom KA, Lazorchak
JM, Lattier DL (2011) Proteomic analysis of a model fish
species exposed to individual pesticides and a binary
mixture. Aquat Toxicol 101:196−206
Bols NC, Brubacher JL, Ganassin RC, Lee LE (2001) Ecotoxicology and innate immunity in fish. Dev Comp Immunol
25:853−873
Brander SM (2013) Thinking outside the box: assessing
endocrine disruption in aquatic life. In: Ajuha S (ed)
Monitoring water quality: pollution assessment, analysis,
and remediation. Elsevier, Waltham, MA, p 103−147
Brooks ML, Fleishman E, Brown LR, Lehman PW and others
(2012) Life histories, salinity zones, and sublethal contributions of contaminants to pelagic fish declines illustrated with a case study of San Francisco Estuary, California, USA. Estuar Coast 35:603−621
Burr SA, Ray DE (2004) Structure-activity and interaction
effects of 14 different pyrethroids on voltage-gated chloride ion channels. Toxicol Sci 77:341−346
CDFW (California Department of Fish and Wildlife) (2014)
State & federally listed endangered & threatened animals of California. Department of Fish and Wildlife, Biogeographic Data Branch, Sacramento, CA
Clifford MA, Eder KJ, Werner I, Hedrick RP (2005) Synergistic effects of esfenvalerate and infectious hematopoietic
necrosis virus on juvenile chinook salmon mortality.
Environ Toxicol Chem 24:1766−1772
Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M (2005) Blast2GO: a universal tool for annotation,
visualization and analysis in functional genomics
research. Bioinformatics 21:3674−3676
Connon RE, Geist J, Pfeiff J, Loguinov AV and others (2009)
Linking mechanistic and behavioral responses to sublethal esfenvalerate exposure in the endangered delta
smelt; Hypomesus transpacificus (Fam. Osmeridae).
BMC Genomics 10:608
Connon RE, Beggel S, D’Abronzo LS, Geist JP and others
(2011a) Linking molecular biomarkers with higher level
condition indicators to identify effects of copper exposures on the endangered delta smelt (Hypomesus transpacificus). Environ Toxicol Chem 30:290−300
Connon RE, Deanovic LA, Fritsch EB, D’Abronzo LS,
Werner I (2011b) Sublethal responses to ammonia exposure in the endangered delta smelt; Hypomesus transpacificus (Fam. Osmeridae). Aquat Toxicol 105:369−377
Connon RE, Geist J, Werner I (2012a) Effect-based tools for
monitoring and predicting the ecotoxicological effects of
chemicals in the aquatic environment. Sensors 12:
12741−12771
Connon RE, D’Abronzo LS, Hostetter NJ, Javidmehr A and
others (2012b) Transcription profiling in environmental
diagnostics: health assessments in Columbia River basin
steelhead (Oncorhynchus mykiss). Environ Sci Technol
46:6081−6087
Conolly RB, Lutz WK (2004) Nonmonotonic dose-response
relationships: mechanistic basis, kinetic modeling, and
implications for risk assessment. Toxicol Sci 77:151−157
Deane EE, Woo NYS (2006) Impact of heavy metals and
organochlorines on hsp70 and hsc70 gene expression in
black sea bream fibroblasts. Aquat Toxicol 79:9−15
Dorts J, Kestemont P, Dieu M, Raes M, Silvestre F (2011a)
Proteomic response to sublethal cadmium exposure in a

Jeffries et al.: Effects of permethrin on delta smelt

➤

➤
➤

➤

➤

➤

➤

➤
➤

➤

➤

➤

➤

➤
➤

➤

sentinel fish species, Cottus gobio. J Proteome Res 10:
470−478
Dorts J, Kestemont P, Marchand PA, D’Hollander W,
Thézenas ML, Raes M, Silvestre F (2011b) Ecotoxicoproteomics in gills of the sentinel fish species, Cottus gobio,
exposed to perfluorooctane sulfonate (PFOS). Aquat
Toxicol 103:1−8
Dunier M, Siwicki AK (1993) Effects of pesticides and other
organic pollutants in the aquatic environment on immunity of fish: a review. Fish Shellfish Immunol 3:423−438
Dwyer FJ, Mayer FL, Sappington LC, Buckler DR and others
(2005) Assessing contaminant sensitivity of endangered
and threatened aquatic species: Part I. Acute toxicity of
five chemicals. Arch Environ Contam Toxicol 48:143−154
Eder KJ, Leutenegger CM, Wilson BW, Werner I (2004)
Molecular and cellular biomarker responses to pesticide
exposure in juvenile chinook salmon (Oncorhynchus
tshawytscha). Mar Environ Res 58:809−813
Eder KJ, Kohler HR, Werner I (2007) Pesticide and pathogen:
heat shock protein expression and acetylcholinesterase
inhibition in juvenile Chinook salmon in response to multiple stressors. Environ Toxicol Chem 26:1233−1242
Feyrer F, Nobriga ML, Sommer TR (2007) Multidecadal
trends for three declining fish species: habitat patterns
and mechanisms in the San Francisco Estuary, California, USA. Can J Fish Aquat Sci 64:723−734
Floyd EY, Geist JP, Werner I (2008) Acute, sublethal exposure to a pyrethroid insecticide alters behavior, growth,
and predation risk in larvae of the fathead minnow
(Pimephales promelas). Environ Toxicol Chem 27:
1780−1787
Glickman AH, Hamid AA, Rickert DE, Lech JJ (1981) Elimination and metabolism of permethrin isomers in rainbow
trout. Toxicol Appl Pharmacol 57:88−98
Goulding AT, Shelley LK, Ross PS, Kennedy CJ (2013)
Reduction in swimming performance in juvenile rainbow
trout (Oncorhynchus mykiss) following sublethal exposure to pyrethroid insecticides. Comp Biochem Physiol C
Toxicol Pharmacol 157:280−286
Guardiola FA, Gónzalez-Párraga P, Meseguer J, Cuesta A,
Esteban MA (2014) Modulatory effects of deltamethrinexposure on the immune status, metabolism and oxidative stress in gilthead seabream (Sparus aurata L.). Fish
Shellfish Immunol 36:120−129
Hasenbein M, Komoroske LM, Connon RE, Geist J, Fangue
NA (2013) Turbidity and salinity affect feeding performance and physiological stress in the endangered delta
smelt. Integr Comp Biol 53:620−634
Hasenbein M, Werner I, Deanovic LA, Geist J and others
(2014) Transcriptomic profiling permits the identification
of pollutant sources and effects in ambient water samples. Sci Total Environ 468−469:688−698
Hemmer MJ, Middaugh DP, Comparetta V (1992) Comparative acute sensitivity of larval topsmelt, Atherinops affinis, and inland silverside, Menidia beryllina, to 11 chemicals. Environ Toxicol Chem 11:401−408
Herbst R, Nicklin MJ (1997) SEZ-6: promoter selectivity,
genomic structure and localized expression in the brain.
Brain Res Mol Brain Res 44:309−322
Holcombe GW, Phipps GL, Tanner DK (1982) The acute toxicity of kelthane, dursban, disulfoton, pydrin, and permethrin to fathead minnows Pimephales promelas and rainbow trout Salmo gairdneri. Environ Pollut Ser A Ecol Biol
29:167−178
Holmes RW, Anderson BS, Phillips BM, Hunt JW, Crane DB,

➤

➤

➤

➤
➤
➤

➤

➤

➤
➤
➤
➤

➤

59

Mekebri A, Connor V (2008) Statewide investigation of
the role of pyrethroid pesticides in sediment toxicity in
California’s urban waterways. Environ Sci Technol 42:
7003−7009
Imgrund H (2003) Environmental fate of permethrin. California Department of Pesticide Regulation, Environmental Monitoring Branch, Sacramento, CA
Jeffries KM, Hinch SG, Sierocinski T, Clark TD and others
(2012) Consequences of high temperatures and premature mortality on the transcriptome and blood physiology
of wild adult sockeye salmon (Oncorhynchus nerka).
Ecol Evol 2:1747−1764
Jeffries KM, Hinch SG, Gale MK, Clark TD and others
(2014) Immune response genes and pathogen presence
predict migration survival in wild salmon smolts. Mol
Ecol 23:5803−5815
Jin Y, Chen R, Liu W, Fu Z (2010) Effect of endocrine disrupting chemicals on the transcription of genes related to
the innate immune system in the early developmental
stage of zebrafish (Danio rerio). Fish Shellfish Immunol
28:854−861
Kamiguchi H, Lemmon V (1997) Mini-review neural cell
adhesion molecule L1: signaling pathways and growth
cone motility. J Neurosci Res 49:1−8
Koepsell H, Lips K, Volk C (2007) Polyspecific organic cation
transporters: structure, function, physiological roles, and
biopharmaceutical implications. Pharm Res 24:1227−1251
Kuivila KM, Foe CG (1995) Concentrations, transport and
biological effects of dormant spray pesticides in the San
Francisco Estuary, California. Environ Toxicol Chem 14:
1141−1150
Kuivila KM, Moon GE (2004) Potential exposure of larval
and juvenile delta smelt to dissolved pesticides in the
Sacramento-San Joaquin Delta, California. Am Fish Soc
Symp 2004:229−241
Kumaraguru AK, Beamish FWH (1981) Lethal toxicity of
permethrin (NRDC-143) to rainbow trout, Salmo gairdneri, in relation to body weight and water temperature.
Water Res 15:503−505
Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and
the 2−ΔΔCT method. Methods 25:402−408
Mayer FL, Ellersieck MR (1986) Manual of acute toxicity:
interpretation and database for 410 chemicals and 66
species of freshwater animals. Resour Publ No.160, US
Department of the Interior, Fish & Wildlife Service,
Washington, DC
Mazurais D, Darias M, Zambonino-Infante JL, Cahu CL
(2011) Transcriptomics for understanding marine fish larval development. Can J Zool 89:599−611
Mercer CA, Kaliappan A, Dennis PB (2009) A novel, human
Atg13 binding protein, Atg101, interacts with ULK1 and
is essential for macroautophagy. Autophagy 5:649−662
Moyle PB, Herbold B, Stevens DE, Miller LW (1992) Life history and status of delta smelt in the Sacramento-San
Joaquin Estuary, California. Trans Am Fish Soc 121:67−77
Nakayama K, Kitamura SI, Murakami Y, Song JY and others
(2008) Toxicogenomic analysis of immune systemrelated genes in Japanese flounder (Paralichthys olivaceus) exposed to heavy oil. Mar Pollut Bull 57:445−452
Norman JD, Ferguson MM, Danzmann RG (2014)
Transcriptomics of salinity tolerance capacity in Arctic
charr (Salvelinus alpinus): a comparison of gene expression profiles between divergent QTL genotypes. Physiol
Genomics 46:123−137

60

Endang Species Res 28: 43–60, 2015

➤ Osaki G, Mitsui S, Yuri K (2011) The distribution of the ➤ Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N,

➤

➤

➤

➤
➤

➤
➤

➤

seizure-related gene 6 (Sez-6) protein during postnatal
development of the mouse forebrain suggests multiple
functions for this protein: an analysis using a new antibody. Brain Res 1386:58−69
Rice PJ, Drewes CD, Klubertanz TM, Bradbury SP, Coats JR
(1997) Acute toxicity and behavioral effects of chlorpyrifos, permethrin, phenol, strychnine, and 2, 4-dinitrophenol to 30-day-old Japanese medaka (Oryzias latipes).
Environ Toxicol Chem 16:696−704
Sappington LC, Mayer FL, Dwyer FJ, Buckler DR, Jones JR,
Ellersieck MR (2001) Contaminant sensitivity of threatened and endangered fishes compared to standard surrogate species. Environ Toxicol Chem 20:2869−2876
Schimmel SC, Garnas RL (1983) Acute toxicity, bioconcentration, and persistence of ac-222,705, benthiocarb, chlorpyrifos, fenvalerate, methyl parathion, and permethrin in the
estuarine environment. J Agric Food Chem 31:104−113
Shashoua VE (1991) Ependymin, a brain extracellular glycoprotein, and CNS plasticitya. Ann NY Acad Sci 627:
94−114
Sleadd IM, Buckley BA (2013) The CCAAT/enhancer-binding protein δ (C/EBP-δ) transcription factor is heat
inducible in the cold-adapted antarctic fish Trematomus
bernacchii. Polar Biol 36:335−342
Sommer T, Armor C, Baxter R, Breuer R and others (2007)
The collapse of pelagic fishes in the upper San Francisco
estuary. Fisheries 32:270−277
Supek F, Bosnjak M, Skunca N, Smuc T (2011) REVIGO
summarizes and visualizes long lists of gene ontology
terms. PLoS ONE 6:e21800
Thompson B, Hoenicke R, Davis J, Gunther A (2000) An
overview of contaminant-related issues identified by
monitoring in San Francisco Bay. In: Sandhu S, Melzian
B, Long E, Whitford W, Walton B (eds) Monitoring ecological condition in the western United States. Springer,
New York, NY, p 409−419
US EPA (2009) Permethrin facts. Archive Document EPA
738-F-09-001, United States Environmental Protection
Agency, Washington, DC
Vandenberg LN, Colborn T, Hayes TB, Heindel JJ and others (2012) Hormones and endocrine-disrupting chemicals: low-dose effects and nonmonotonic dose responses.
Endocr Rev 33:378−455
Editorial responsibility: Eduardo Martins,
Vancouver, British Columbia, Canada

➤

➤

➤

➤
➤

➤

De Paepe A, Speleman F (2002) Accurate normalization
of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol 3:
research0034.1−research0034.11, doi:10.1186/gb-2002-37-research0034
Viñas R, Watson CS (2013) Mixtures of xenoestrogens disrupt estradiol-induced non-genomic signaling and
downstream functions in pituitary cells. Environ Health
12:26
Wang X, Dong Q, Chen Y, Jiang H and others (2013) Bisphenol
A affects axonal growth, musculature and motor behavior
in developing zebrafish. Aquat Toxicol 142−143:104−113
Werner I, Moran K (2008) Effects of pyrethroid insecticides
on aquatic organisms. American Chemical Society,
Washington, DC
Werner I, Deanovic LA, Connor V, De Vlaming V, Bailey HC,
Hinton DE (2000) Insecticide-caused toxicity to Ceriodaphnia dubia (Cladocera) in the Sacramento-San
Joaquin River Delta, California, USA. Environ Toxicol
Chem 19:215−227
Weston DP, Lydy MJ (2010) Urban and agricultural sources
of pyrethroid insecticides to the Sacramento-San Joaquin
Delta of California. Environ Sci Technol 44:1833−1840
Wheelock CE, Eder KJ, Werner I, Huang H and others
(2005) Individual variability in esterase activity and
CYP1A levels in Chinook salmon (Oncorhynchus tshawytscha) exposed to esfenvalerate and chlorpyrifos.
Aquat Toxicol 74:172−192
Yang Y, Ma H, Zhou J, Liu J, Liu W (2014) Joint toxicity of
permethrin and cypermethrin at sublethal concentrations
to the embryo-larval zebrafish. Chemosphere 96:146−154
Young JTF, Heikkila JJ (2010) Proteasome inhibition
induces hsp30 and hsp70 gene expression as well as the
acquisition of thermotolerance in Xenopus laevis A6
cells. Cell Stress Chaperones 15:323−334
Zhang X (2010) Detections of pyrethroid insecticides in surface waters from urban areas of California, 1993–2010.
California Department of Pesticide Regulation, Environmental Monitoring Branch, Sacramento, CA
Zhang ZY, Yu XY, Wang DL, Yan HJ, Liu XJ (2010) Acute
toxicity to zebrafish of two organophosphates and four
pyrethroids and their binary mixtures. Pest Manag Sci
66:84−89
Submitted: December 15, 2014; Accepted: April 17, 2015
Proofs received from author(s): June 5, 2015

